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Instationary air-water flow on a pooled stepped spillway: dc/h = 1.71, Q = 0.0392 m3/s, Re = 
3.1×105 
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ABSTRACT 
In the past few decades, many studies investigated air-water flows with natural free-surface 
aeration. These studies included some physical experiments of free-surface flows down spillways 
with flat, stepped or pooled spillway face, the air-entrainment in plunging jets as well as two-phase 
flows in hydraulic jumps. In some cases, some flow instabilities may be observed as on pooled 
stepped spillway and hydraulic jump. Herein a new turbulence decomposition technique was 
introduced to quantify the relative contributions of the slow- and fast-fluctuations to the overall 
flow turbulence. The method was developed for highly-aerated free-surface flows, for which the 
interfacial velocity and turbulence properties are calculated based upon some correlation analyses 
of the raw probe signals. The raw probe signal of the leading and trailing tips was decomposed 
linearly into three components: a mean signal, a slow-fluctuating contribution and a fast-fluctuating 
component. A theoretical derivation was developed and the findings showed that the low pass 
filtered signal component did not contribute to the air-water flow properties calculated using 
correlation analyses. On the other hand, the correlation analyses yielded the turbulence intensity, 
interfacial velocity and correlation time scales using the slow and fast fluctuating signal 
components. This triple decomposition was applied to pooled stepped spillway and hydraulic 
jumps. Some instationary air-water flows were observed in each case although with some 
differences. The triple decomposition results highlighted that the largest contribution to the overall 
turbulent kinetic energy was caused by the slow fluctuations linked with the flow instabilities. The 
turbulence properties in terms of fast fluctuating signal component were qualitatively and 
quantitatively consistent with earlier findings of steady stationary air-water flows. Altogether this 
study demonstrated the successful application of a new decomposition technique suitable to 
instationary air-water flows with high void fractions. 
 
Keywords: Instationary air-water flows, Flow instabilities, Triple decomposition, Correlation 
analysis, Signal processing, Pooled stepped spillway, Stepped spillway, Hydraulic jump, 
Characteristic frequency, Turbulence. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A factor for triple decomposition of band pass filtered cross-correlation function; 
B factor for triple decomposition of high pass filtered cross-correlation function; 
C void fraction defined as the volume of air per unit volume of air and water; it is also 
called air concentration or local air content; 
C' band pass filtered component of the void fraction; 
C'' high pass filtered component of the void fraction; 
C~  low pass filtered component of the void fraction; 
Cmean depth-average void fraction defined in terms of Y90: Cmean = 1 – d/Y90; 
Cmax maximum void fraction in a cross-section; 
C1 void fraction of the leading tip; 
C2 void fraction of the trailing tip; 
C'1 band pass filtered component of the void fraction of the leading tip; 
C'2 band pass filtered component of the void fraction of the trailing tip; 
C''1 high pass filtered component of the void fraction of the leading tip; 
C''2 high pass filtered component of the void fraction of the trailing tip; 
1C
~  low pass filtered component of the void fraction of the leading tip; 
2C
~  low pass filtered component of the void fraction of the trailing tip; 
c instantaneous void fraction; c = 0 or 1; 
c' band pass filtered component of the instantaneous void fraction; 
c'' high pass filtered component of the instantaneous void fraction; 
c~  low pass filtered component of the instantaneous void fraction; 
c1 instantaneous void fraction of the leading tip; 
c2 instantaneous void fraction of the trailing tip; 
c'1 band pass filtered component of the instantaneous void fraction of the leading tip; 
c'2 band pass filtered component of the instantaneous void fraction of the trailing tip; 
c''1 high pass filtered component of the instantaneous void fraction of the leading tip; 
c''2 high pass filtered component of the instantaneous void fraction of the trailing tip; 
1c~  low pass filtered component of the instantaneous void fraction of the leading tip; 
2c~  low pass filtered component of the instantaneous void fraction of the trailing tip; 
D factor for triple decomposition of cross-product of band pass and high pass filtered 
cross-correlation function; 
DH hydraulic diameter (m); 
Do dimensionless constant; 
dc critical flow depth (m); 
d1 flow depth (m) measured immediately upstream of the hydraulic jump; 
E factor for triple decomposition of cross-product of high pass and band pass filtered 
cross-correlation function; 
 vi 
F air bubble count rate or bubble frequency (Hz) defined as the number of detected air 
bubbles per unit time; 
F' bubble count rate (Hz) of the band pass filtered signal component; 
F'' bubble count rate (Hz) of the high pass filtered signal component; 
F~  bubble count rate (Hz) of the low pass filtered signal component; 
Fr1 upstream Froude number of hydraulic jump: Fr1 = V1/ 1dg  ; 
Fmax maximum bubble count rate in a cross-section; 
F* Froude number defined in terms of the step roughness; 
g gravity constant: g = 9.80 m/s2 in Brisbane, Australia; 
h vertical step height (m); 
K' dimensionless integration constant; 
K* dimensionless constant; 
ks step cavity roughness height (m): ks = h×cosθ for flat steps and ks = (h+w)×cosθ for 
pooled steps 
LI longitudinal distance (m) measured from the weir crest to the inception point of free-
surface aeration; 
l horizontal step length (m); 
N power law exponent; 
n number of samples; 
Q water discharge (m3/s); 
qw water discharge per unit width (m2/s); 
Re Reynolds number defined in terms of the hydraulic diameter: Re = w×Uw×DH/w; 
Re1 Reynolds number upstream of the hydraulic jump: Re1 = w×V1×d1/w; 
Rxx normalised auto-correlation function (reference) probe; 
Rx'x' normalised auto-correlation functions between the band pass filtered signals; 
Rx"x" normalised auto-correlation functions between the high pass filtered signals; 
Rx'x" normalised auto -correlation functions between the cross-product of band pass and high 
pass filtered signals; 
Rx"x' normalised auto -correlation functions between the cross-product of high pass and band 
pass filtered signals; 
Rxx' auto -correlation functions of band pass filtered signals: Rxx' = α × Rx'x'; 
Rxx'' auto -correlation functions of high pass filtered signals: Rxx'' = β × Rx"x"; 
Rxx(1) weighted sum of auto -correlation functions of band pass and high pass filtered signals: 
 Rxx(1) = α × Rx'x' + β × Rx"x"; 
Rxy normalised cross-correlation function between two probe output signals; 
Rx'y' normalised cross-correlation functions between the band pass filtered signals; 
Rx"y" normalised cross-correlation functions between the high pass filtered signals; 
Rx'y" normalised cross-correlation functions between the cross-product of band pass and high 
pass filtered signals; 
 vii 
Rx"y' normalised cross-correlation functions between the cross-product of high pass and band 
pass filtered signals; 
Rxy' cross-correlation functions of band pass filtered signals: Rxy' = A × Rx'y'; 
Rxy'' cross-correlation functions of high pass filtered signals: Rxy'' = B × Rx"y"; 
Rxy(1) weighted sum of cross-correlation functions of band pass and high pass filtered signals: 
 Rxy(1) = A × Rx'y' + B × Rx"y"; 
(Rxy)max maximum cross-correlation between two probe output signals; 
(Rxy)'max maximum cross-correlation between two probe output signals of the band pass filtered 
signal component; 
(Rxy)''max maximum cross-correlation between two probe output signals of the high pass filtered 
signal component; 
(Rxy)(1)max maximum cross-correlation between two probe output signals for the weighted sum of 
the cross-correlation functions of band pass and high pass filtered signals; 
T time lag (s) for which Rxy = (Rxy)max; 
T' time lag (s) for which Rxy' = (Rxy)'max; 
T'' time lag (s) for which Rxy'' = (Rxy)''max; 
T(1) time lag (s) for which Rxy(1) = (Rxy)(1)max; 
Tu turbulence intensity defined as: Tu = v'/V; 
Tu' turbulence intensity of the band pass filtered signal component; 
Tu'' turbulence intensity of the high pass filtered signal component; 
Tu(1) turbulence intensity of the weighted sum of the cross-correlation functions of band pass 
and high pass filtered signals; 
Tumax maximum turbulence intensity in a cross-section; 
Txx auto-correlation time scale (s); 
Tx'x' normalised auto-correlation time scale for the band pass filtered signals; 
Tx"x" normalised auto-correlation time scale for the high pass filtered signals; 
Txx' auto -correlation time scales for the band pass filtered signals: Txx' = α × Tx'x'; 
Txx'' auto -correlation time scales for the high pass filtered signals: Txx'' = β × Tx"x"; 
Txx(1) sum of auto -correlation time scales for the band pass and high pass filtered signals: 
Txx(1) = α × Tx'x' + β × Tx"x"; 
Txy cross-correlation time scale (s); 
Tx'y' normalised cross-correlation time scale for the band pass filtered signals; 
Tx"y" normalised cross-correlation time scale for the high pass filtered signals; 
Txy' cross-correlation time scales for the band pass filtered signals: Txy' = A × Tx'y'; 
Txy'' cross-correlation time scales for the high pass filtered signals: Txy'' = B × Tx"y"; 
Txy(1) sum of cross-correlation time scales for the band pass and high pass filtered signals: 
Txy(1) = A × Tx'y' + B × Tx"y"; 
T0.5 characteristic time lag τ for which Rxx = 0.5; 
T'0.5 characteristic time lag τ for which Rxx' = 0.5; 
T''0.5 characteristic time lag τ for which Rxx'' = 0.5; 
 viii 
T(1)0.5 characteristic time lag τ for which Rxx(1) = 0.5; 
t time (s); 
t' characteristic travel time (s); 
tch chord time (s); 
tch_lead chord time leading tip (s); 
tch_trail chord time trailing tip (s); 
to time for first crossing of x-axis; 
U mean velocity component in triple decomposition of instantaneous velocity (m/s); 
Uw mean flow velocity (m/s): Uw = qw/d; 
u(t) instantaneous velocity (m/s); 
u(t)' slow fluctuating velocity component (m/s); 
u(t)'' fast fluctuating velocity component (m/s); 
V interfacial velocity (m/s); 
Vc critical flow velocity (m/s); 
Vmax maximum interfacial velocity in a cross-section; 
V1 upstream flow velocity (m/s): V1 = qw/d1; 
V90 characteristic interfacial velocity (m/s) where the void fraction is 90%; 
V' interfacial velocity (m/s) of the band pass filtered signal component; 
V'' interfacial velocity (m/s) of the band pass filtered signal component; 
V(1) interfacial velocity (m/s) for the weighted sum of the correlation functions of the band 
and high pass filtered signal components; 
v is the instantaneous velocity data equal to x/t; 
v' turbulent velocity fluctuation (m/s); 
W channel width (m); 
w weir height in pooled stepped spillway configuration (m), also called pool height; 
x distance along the channel bottom (m); 
x1 distance (m) between channel intake and upstream flow conditions: distance between 
channel intake and hydraulic jump toe; 
Y90 characteristic depth (m) where the void fraction is 90%; 
y distance (m) measured normal to the invert (or channel bed); 
Δx streamwise separation distance (m) between probe sensors; 
Δz transverse separation distance (m) between probe sensors; 
α factor for triple decomposition of band pass filtered auto-correlation function; 
β factor for triple decomposition of high pass filtered auto-correlation function; 
 factor for percentage of Rxy for turbulence intensity analysis;
 factor for percentage of Rxy for turbulence intensity analysis;
μw  dynamic viscosity (Pa.s); 
w density (kg/m3); 
θ angle between pseudo-bottom formed by the step edges and the horizontal; 
t standard deviation of the interface travel time; 
 ix 
xx standard deviation of the auto-correlation function; 
xy standard deviation of the cross-correlation function; 
τ  time lag (s); 
τ0.5 characteristic time lag τ for which Rxy = 0.5 × (Rxy)max; 
τ'0.5 characteristic time lag τ for which Rxy' = 0.5 × (Rxy)'max; 
τ''0.5 characteristic time lag τ for which Rxy'' = 0.5 × (Rxy)''max; 
τ(1)0.5 characteristic time lag τ for which Rxy(1) = 0.5 × (Rxy)(1)max; 
χ factor for triple decomposition of cross-product of high pass and band pass filtered 
auto-correlation function; 
ω wake time scale of the leading particle for pseudo-spherical particles; 
Ø probe sensor diameter (m); 
 
Superscript 
' flow properties calculated based upon the band-pass filtered signal; 
" flow properties calculated based upon the high-pass filtered signal; 
(1) flow properties calculated based upon the weighted sum of correlation functions of 
band- and high-pass filtered signals; 
 
Subscript 
air air properties; 
c critical flow conditions; 
lead leading tip of a double-tip conductivity probe; 
max maximum value; 
mean mean signal component; 
trail trailing tip of a double-tip conductivity probe; 
w water properties; 
xx auto-correlation of reference probe signal; 
x'x' auto-correlation of band pass filtered signal component; 
x''x'' auto-correlation of high pass filtered signal component; 
x'x'' auto -correlation of the cross-product of band pass and high pass filtered signals; 
x''x' auto -correlation of the cross-product of high pass and band pass filtered signals; 
xy cross-correlation; 
x'y' cross -correlation of band pass filtered signal component; 
x''y'' cross -correlation of high pass filtered signal component; 
x'y'' cross -correlation of the cross-product of band pass and high pass filtered signals; 
x''y' cross -correlation of the cross-product of high pass and band pass filtered signals; 
1 leading tip; 
2 trailing tip; 
90 90% air concentration; 
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Abbreviations 
FFT Fast Fourier Transformation; 
IWW Institute of Hydraulic Engineering and Water Resources Management, RWTH Aachen 
University, Germany; 
NA nappe flow regime; 
N/A Not available; 
NI National Instruments; 
No number; 
PDF probability distribution function; 
PSD Power spectral density; 
RWTH Rheinisch Westfaelische Technische Hochschule (Technical University of Aachen); 
SK skimming flow regime; 
TM Trade Mark; 
TRA transition flow regime; 
UQ The University of Queensland, Australia. 
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1. INTRODUCTION 
1.1 PRESENTATION OF SELF-AERATED AIR-WATER FLOWS 
In the past decades, many studies investigated air-water flows with natural free-surface aeration 
experimentally. The studies included free-surface flows down spillways with flat, stepped or pooled 
spillway face, the air-entrainment in plunging jets as well as two-phase flows in hydraulic jumps. 
Self-aerated flows on flat spillways were studied by various researchers in field and laboratory 
experiments (e.g. STRAUB & ANDERSON 1958; CAIN & WOOD 1981; AIVAZYAN 1986 and 
CHANSON 1988,1993,1997a,b). Research on stepped spillways became active during the last three 
decades with the introduction of a cheaper and more efficient dam construction technique (Roller 
Compacted Concrete) (HANSEN & REINHARDT 1991; CHANSON 1995c; DITCHEY & 
CAMPBELL 2000). Many stepped spillway studies focused on the energy dissipation and aeration 
performances, as well as the establishment of design guidelines (HORNER 1969; SORENSEN 
1985; PEYRAS et al. 1992; CHRISTODOULOU 1993; TOZZI 1994; CHANSON 1995c,2001; 
ELVIRO & MATEOS 1995; OHTSU & YASUDA 1997; CHAMANI & RAJARATNAM 1999; 
BOES 2000; MATOS 2001; BOES & HAGER 2003a, b; OHTSU et al. 2004; AMADOR et al. 
2006; SANCHEZ-JUNY et al. 2007; BUNG 2009; MEIRELES & MATOS 2009; HUNT & 
KADAVY 2010). An extensive set of stepped spillway studies has been conducted at the University 
of Queensland (CHANSON & TOOMBES 2002a,b; TOOMBES 2002; GONZALEZ & 
CHANSON 2004; GONZALEZ 2005; CHANSON & CAROSI 2007b; FELDER & CHANSON 
2009a,b,2011a) and the studies provided some deeper understanding of the air-water flow processes 
and some turbulence properties on stepped spillways with slopes of 3.4 to 26.6°. Experiments on a 
pooled stepped spillway were conducted in the last decade to provide a better understanding of the 
free-surface aeration, the flow regimes and the energy dissipation performance (EMIROGLU & 
BAYLAR 2003; KOKPINAR 2004; ANDRE et al. 2004; TOOMBES & CHANSON 2005; 
CHINNARASRI & WONGWISES 2004,2006; THORWARTH & KOENGETER 2006; 
THORWARTH 2008). Furthermore, some self-induced instabilities were investigated by GANZ 
(2003) and PREMSTALLER (2006) on inclined pooled stepped spillway models with slopes 
ranging from 0.5 to 5.5° and by THORWARTH (2008) on a pooled stepped spillway model with 
slopes of 8.9 and 14.6° and various weir heights. 
The air-entrainment in plunging jets has been studied in several experimental studies by 
(McKEOGH & ERVINE 1981; VAN DE DONK 1981; BONETTO & LAHEY 1993; CHANSON 
1995a,b; CUMMINGS & CHANSON 1997a,b,1999; BRATTBERG & CHANSON 1998). Air-
entrainment processes of hydraulic jumps were investigated in a wide range of studies for several 
decades (RAJARATNAM 1962, RESCH & LEUTHEUSSER 1972; THANDAVESWARA 1974; 
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CHANSON 1995b; MOSSA & TOLVE 1998). Some more advanced studies looked also at some 
further air-water flow properties including velocities and turbulence properties (MURZYN et al. 
2005,2007; CHANSON 2007; KUCUKALI & CHANSON 2008; MURZYN & CHANSON 
2009a,b; CHACHEREAU & CHANSON 2011a,b). 
The aeration processes on spillways and in hydraulic jumps occur naturally. On a spillway, the free-
surface aeration starts when the outer edge of the boundary layer reaches the free-surface and the 
turbulence levels are large enough to overcome both the surface tension and the buoyancy forces 
(CAIN 1978; CHANSON 1997a). In a plunging jet, the air-entrainment starts when the jet velocity 
exceeds a characteristic velocity which is affected by the jet length and the jet turbulence 
(CUMMINGS & CHANSON 1997a). In hydraulic jumps, the air is entrained at the jump toe into a 
free shear layer with large turbulence levels (CHANSON 2007). 
 
1.2 UNSTEADY AIR-WATER FLOWS 
To date most experimental studies of air-water flows on spillways and hydraulic jumps focused 
upon the time-averaged air-water flow properties providing sufficient information for the design of 
hydraulic structures as well as the characterisation of the air-water flow processes. However air-
water flows can show some unstable processes, such as shock-waves, or pseudo-periodic flow 
pattern. The appearance of these unsteady processes depends on the flow conditions and 
configurations including boundary conditions. 
Examples of unsteady shock-waves can be found in smooth and stepped spillway flows. Some 
researchers reported about the unsteady nature of the air-water flows on spillways which can consist 
of surface waves (KILLEN 1968; TOOMBES & CHANSON 2007). TOOMBES (2002) and 
TOOMBES & CHANSON (2007) showed the effect of surface waves on the void fraction and 
bubble count rates in an air-water flow on a spillway. Further research investigated the air-water 
flow properties on an unsteady surging wave in an air-water flow on a stepped spillway with 3.4° 
(CHANSON 2004a,b). A highly unsteady flow is the dam break wave which was studied by 
CHANSON (2004b, 2005). Some flow instabilities were observed in the transition flow regimes on 
stepped spillways with flat steps (ELVIRO & MATEOS 1995; CHANSON 1996; OHTSU & 
YASUDA 1997; CHANSON & TOOMBES 2001,2004). 
In pooled stepped spillways, some pseudo-periodic flow was reported (CHANSON 2001). Some 
strong self-induced instabilities were investigated by THORWARTH & KOENGETER (2006) and 
THORWARTH (2008). THORWARTH (2008) described the unstable processes as jump waves and 
explained several mechanisms associated with it including a partial appearance of a hydraulic jump 
in the pooled stepped cavity and the sudden cavity ejection at the downstream end. The unstable 
processes appeared along the spillway and jump waves propagated downstream. 
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The air-water flow in hydraulic jumps is also characterised by a pseudo-periodic flow with strong 
fluctuations of the jump toe (MURZYN et al. 2007; MURZYN & CHANSON 2009c; CHANSON 
2010; CHACHEREAU & CHANSON 2011b). The free-surface is highly unstable and some 
fluctuations of the surface were reported (MURZYN & CHANSON 2009c; CHACHEREAU & 
CHANSON 2011b). Furthermore the analysis of the air-water flow properties was affected by 
unstable movements of the roller in the hydraulic jump. 
 
1.3 OUTLINE OF THE REPORT 
The present study focuses on some instationary pseudo-periodic air-water flows on a pooled 
stepped spillway and in a hydraulic jump. A new triple decomposition technique is introduced for 
the analyses of the velocity fluctuations, taking into account both the fast turbulent and slow 
fluctuating velocity components. It is the aim of the current study to introduce the triple 
decomposition approach and to highlight its application in two unsteady air-water flows on a pooled 
stepped spillway and in a hydraulic jump. 
After a brief description of the experimental facilities, instrumentation and common data processing 
techniques, the methodology of the triple decomposition in instationary air-water flows is 
introduced. In section 3, some experimental results of the present study are presented and the key 
differences between steady air-water flows on the flat stepped spillway and the unsteady flow on 
the pooled stepped spillway are highlighted. The comparative analyses comprise the flow pattern, as 
well as the macroscopic and microscopic air water flow properties. In section 4, some results of the 
new triple decomposition approach in unsteady air-water flows on the pooled stepped spillway are 
presented. A further application of the triple decomposition in an unsteady two-phase flow in a 
hydraulic jump is presented in section 5. Section 6 discusses some key features of the unsteady air-
water flows and section 7 summarises the outcome of the present study. Some further details about 
the theoretical derivation and the verification of the triple decomposition approach are presented in 
Appendixes A and B. 
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2. EXPERIMENTAL FACILITIES, INSTRUMENTATIONS, SIGNAL 
PROCESSING AND TRIPLE DECOMPOSITION APPROACH 
2.1 EXPERIMENTAL FACILITIES 
The experiments were conducted at two physical facilities located at the RWTH Aachen University 
(stepped spillway experiments) and at the University of Queensland (hydraulic jump experiments). 
The experimental facilities are introduced in this section and the experimental configurations are 
summarised in Table 2-1. 
 
Table 2-1 - Experimental investigations of stepped spillway and hydraulic jump flows at RWTH 
Aachen University (IWW) and University of Queensland (UQ) 
 
Experiments Location Q 
[m3/s] 
Re 
[-] 
Sampling 
rate/duration 
Instrumentation Reference
(1) (2) (3) (4) (5) (6) (7) 
Flat stepped 
spillway 
IWW, 
Aachen 
0.018 - 
0.117 
1.4×105 -
9.3×105
20 kHz / 45 s Double-tip conductivity 
probe (Ø = 0.13 mm) 
Present 
study 
Pooled stepped 
spillway 
IWW, 
Aachen 
0.027 - 
0.117 
2.2×105 -
9.3×105
20 kHz / 45 s Double-tip conductivity 
probe (Ø = 0.13 mm) 
Present 
study 
Combination of flat 
and pooled stepped 
spillways 
IWW, 
Aachen 
0.027 - 
0.117 
2.2×105 -
9.3×105
20 kHz / 45 s Double-tip conductivity 
probe (Ø = 0.13 mm) 
Present 
study 
Hydraulic jump UQ 0.033 6.6×104 20 kHz / 45 s Double-tip conductivity 
probe (Ø = 0.25 mm) 
ZHANG et 
al. (2012)
Hydraulic jump UQ 0.041 8.2×104 20 kHz / 300 s Double-tip conductivity 
probe (Ø = 0.25 mm) 
Present 
study 
 
2.1.1 Stepped spillway facility 
The experimental study of air-water flows on stepped spillways was performed on a large size 
experimental facility at the Institute of Hydraulic Engineering and Water Resources Management 
(IWW) of the RWTH Aachen University in Germany. The stepped spillway model was previously 
used by THORWARTH & KOENGETER (2006) and THORWARTH (2008) with slopes of 8.9 
and 14.6°. The experimental facility consisted of a 12 m long, 0.5 m wide channel (Fig. 2-1). At the 
upstream end, a stilling tank and a following uncontrolled broad crested weir provided a uniform 
discharge between 0.002 and 0.117 m3/s in a closed water circuit. The test section consisted of 21 
PVC steps with a height of 5 cm and length of 0.32 m yielding a channel slope of 8.9° (Fig. 2-2). 
For some experiments, the stepped spillway was equipped with pooled steps with a weir height of 5 
cm (Fig. 2-1). In addition, some experiments were conducted with an alternation of flat and pooled 
steps. At the downstream end of the experimental channel, a sharp-crested weir was used for the 
5 
discharge measurement. An ultrasonic probe was installed before the weir and sampled at 5 Hz. 
More details about the experimental facility can be found in THORWARTH (2008). 
 
Fig. 2-1 - Experimental facility at IWW in Aachen, Germany with pooled stepped spillway. Flow 
from left to right 
 
 
Fig. 2-2 - Flat stepped spillway in experimental test section with broad crested weir at the upstream 
end (background) - Flow direction from background to foreground 
 
 
2.1.2 Hydraulic jump facility 
The air-water flow experiments in hydraulic jumps were conducted in a large size open channel at 
the University of Queensland. The experimental channel was 3.2 m long and 0.5 m wide. Water was 
supplied from an upstream inflow tank which provided a constant and controlled inflow through a 
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rounded sluice gate. The side walls of the channel were made of long glass panels and the channel 
bed consisted of PVC. Figure 2-3 shows a photo of the experimental facility used for the hydraulic 
jump experiments. Further details were reported in ZHANG et al. (2012). 
 
Fig. 2-3 - Hydraulic jump experiments 
(A) Side view with flow from right to left - Flow conditions: Q = 0.0432 m3/s, x1 = 1 m, d1 = 0.026 
m, Fr1 = 6.6, Re1 = 8.6×104, W = 0.5 m, shutter speed: 1/80 s 
 
(B) Looking downstream at the jump toe - Flow conditions: Q = 0.0316 m3/s, x1 = 1 m, d1 = 0.026 
m, Fr1 = 4.9, Re1 = 6.3×104, W = 0.5 m, shutter speed: 1/125 s 
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2.2 PHASE DETECTION PROBES 
The experimental measurements were conducted using double-tip conductivity probes. At IWW 
(stepped spillway experiments), the probe was designed by IWW and used previously by 
THORWARTH (2008), as well as by BUNG (2009) at the University of Wuppertal. The IWW 
conductivity probe had an inner diameter of 0.13 mm and an outer electrode diameter of 0.5 mm 
(Fig. 2-4). The separation of the two probe tips was Δx = 5.1 mm in the flow direction and Δz = 1 
mm in transverse direction. The probe was mounted parallel to the main-stream flow direction on a 
trolley with an electronic control system (isel) enabling an automatic translation in vertical 
direction with an accuracy of 0.2 mm. The probe was sampled with a frequency of 20 kHz per 
sensor for 45 s with a LabVIEW™ program designed at IWW. 
For the experiments in the hydraulic jump, the double-tip conductivity probe was designed at the 
University of Queensland and successfully used in various air-water flow studies (e.g. TOOMBES 
2002; GONZALEZ 2005; CHANSON & CAROSI 2007a; FELDER & CHANSON 
2009a,2011a,b). The double-tip conductivity probe had a inner diameter of Ø = 0.25 mm. The 
leading tip was positioned in channel centre line and the trailing tip was located Δx = 7.2 mm 
downstream of the leading tip and offset in a transverse direction by Δz = 2.1 mm (Fig. 2-5). The 
probe was supported by a trolley system and the probe movement in vertical direction was 
measured with a Mitutoyo™ digital ruler mounted on a fine adjustment screw-drive mechanism. 
The error in the translation of the probe in the direction normal to the flow was less than 0.1 mm. 
The probe was excited with an electronic system (Ref. UQ82.518) with a response time of less than 
0.1 ms. The probe signal outputs were recorded with the high speed data-acquisition system (NI 
USB-6251 BNC). The signal was acquired with a LabVIEWTM program. The hydraulic jump 
experiments were conducted for durations of 45 s and 300 s respectively (Table 2-1). For all 
experiments, the sampling rate was 20 kHz per sensor. 
For all experiments, the raw signal data were post-processed and analysed with a Fortran program. 
The signal processing program included the full suit of signal processing techniques developed at 
the University of Queensland (e.g. CHANSON 2002a; CHANSON & TOOMBES 2002a; 
TOOMBES 2002; CHANSON & CAROSI 2007a). The program enabled a fast, efficient signal 
processing and it was used in previous air-water flow studies (FELDER & CHANSON 2011a,b; 
CHACHEREAU & CHANSON 2011a; ZHANG et al. 2012). The Fortran program was adapted to 
conduct the triple decomposition analyses (section 2.4). 
 
Fig. 2-4 - Double-tip conductivity probe at IWW (Ø = 0.13 mm) - Probe aligned with the upstream 
direction parallel to main flow direction (flow from right to left) 
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Fig. 2-5 - Photo of the double-tip conductivity probe at the University of Queensland (Ø = 0.25 
mm) (flow from left to right) 
 
 
2.3 BASIC SIGNAL PROCESSING OF AIR-WATER FLOWS 
The basic signal processing of the raw voltage signals of the conductivity probes was based either 
upon a single threshold technique or on some statistical analyses (CHANSON 2002a; CHANSON 
& CAROSI 2007a; CHANSON 2008). Table 2-2 summarises the basic air-water flow properties 
and the corresponding signal processing method. 
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Table 2-2 - Signal processing of basic air-water flow properties (Present study) 
 
Parameter Notation Units Signal processing Basic instrumentation
(1) (2) (3) (4) (5) 
Void fraction C -- Single threshold Single-tip probe 
Bubble count rate F Hz Single threshold Single-tip probe 
Interfacial velocity V m/s Cross-correlation Double-tip probe 
Turbulence intensity Tu -- Statistical analysis Double-tip probe 
Bubble/drop chord time tch s Single threshold Single-tip probe 
Bubble/drop chord size ch m Single threshold Double-tip probe 
Auto-correlation function Rxx -- Statistical analysis Single-tip probe 
Cross-correlation function Rxy -- Statistical analysis Double-tip probe 
Auto/Cross-correlation time scales Txx, Txy s Statistical analysis Single-tip & double-
tip probes 
Cluster analysis -- -- Single threshold Single-tip probe 
Interparticle arrival time -- s Single threshold Single-tip probe 
 
Single threshold technique 
The single threshold technique is well-suited to an air-water voltage signal with distinctive peaks 
between air and water yielding a bimodal distribution of the voltage signals (CARTELLIER & 
ACHARD 1991). When a voltage is below the air-to-water threshold, the signal is identified as air 
and otherwise as water. Theoretically the threshold may range between 0 and 100 % of the air-water 
voltage range. In practice, it is common to use 45 to 55 % of the voltage range for an accurate 
measurement of flow properties in different flow regions (e.g. HERRINGE & DAVIS 1974; 
TOOMBES 2002). A sensitivity analysis was conducted in free-surface flows showing little 
differences between 40% to 60% of the voltage range (CHANSON & FELDER 2010). Herein the 
threshold was set at 50% of the difference in the two voltage peaks at every location within a cross 
section. 
The single threshold technique was used to identify the time that the probe tip spent in air and in 
water. Every time the voltage value was below the threshold, the instantaneous void fraction c was 
equal to 1. When the voltage lied above the threshold, c = 0. The instantaneous void fraction data 
were used to calculate the time-averaged void fraction, the bubble frequency, the air bubble/water 
droplet chord times, the air bubble/ water droplet chord lengths and the streamwise particle 
grouping. The time-averaged air concentration or void fraction was defined as: 
 
n
c
C
1i
n

  (2-1) 
where n is the number of samples defined as the sampling frequency times the sampling duration 
and the instantaneous void fraction c was equal to 0 or 1. The bubble frequency or bubble count rate 
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was defined as the number of water-to-air interfaces per unit time. (Note that the numbers of water 
droplets and air bubbles were identical.) The air bubble and water droplet chord times were defined 
as the time between the changes of instantaneous void fraction. A multiplication of chord times by 
the mean velocity Uw provided pseudo air bubble and water droplet chord lengths (CAROSI & 
CHANSON 2006) while a multiplication of chord times by the interfacial time averaged velocity V 
yielded the air bubble and water droplet chord lengths (used herein). The latter provides a more 
accurate estimate of the particle chord size distributions. Note that the chord sizes were not the 
bubble diameters, but some characteristic streamwise air/water sizes (CHANSON & TOOMBES 
2002a; GONZALEZ et al. 2005). 
Another type of air-water flow property is the particle grouping or cluster characterstics providing 
some detailed information about the streamwise structure of the two-phase flow (HEINLEIN & 
FRITSCHING 2006; CHANSON & CAROSI 2007a). In the present study, some cluster analyses 
were performed for all experiments based upon the near-wake criterion (CHANSON 2002b; 
CHANSON et al 2006; GUALTIERI & CHANSON 2010). Air bubbles and water droplets were 
considered as travelling in a cluster if the air/water chord time between two adjacent particles was 
smaller than a characteristic time scale. In the wake criterion, a cluster occurred when the time scale 
between successive air bubbles or water droplets tch_trail was smaller than that corresponding to the 
size of the leading bubble/droplet tch_lead: 
 trail_chlead_ch tt   (2-2) 
where the factor ω represents the wake time scale ratio often selected within the range ω = 0.5 - 2 
for pseudo-spherical particles. Herein ω = 1 was selected following CHANSON et al. (2006). The 
cluster analyses encompassed a wide range of parameters including the percentage of 
bubbles/droplets in cluster, the number of clusters per second, the average number of particles per 
cluster, the average clustered chord sizes, the ratio of average clustered chord size and average 
chord size, the ratio of lead particle size and average clustered chord size as well as the PDF of the 
number of particles per cluster. 
A further air-water flow property is the interparticle arrival time, which provided information about 
the randomness of travelling particles (EDWARD & MARX 1995; CHANSON 2007,2008). The 
interparticle arrival time was performed for both air bubble and water droplets, split into classes of 
particle chord sizes for which a similar behaviour may be expected (EDWARD & MARX 1995). 
For each class, the PDF of the interparticle arrival time between successive particles was performed 
and compared with the Poisson distribution. 
 
Statistical analyses of the raw voltage signals 
A number of air-water flow properties were calculated based upon some statistical analyses of the 
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raw probe signals. 
With the double-tip probe, a cross-correlation between the two probe tip signals yielded the 
maximum cross-correlation (Rxy)max for a time lag T (HERRINGE & DAVIS 1976; CHANSON 
1997a; CROWE et al. 1998). The ratio of sensor separation ∆x to average interfacial transit time T 
gave the local time-averaged interfacial velocity: 
 
T
xV   (2-3) 
The shape of the cross-correlation function provided further information on the velocity 
fluctuations. The broadening of the cross-correlation function compared to the auto-correlation 
function yielded the turbulence intensity (KIPPHAN 1977; CHANSON 2002a). CHANSON & 
TOOMBES (2002a) derived an equation for a dimensionless expression of the turbulence velocity 
fluctuations: 
 
T
T
851.0Tu
2
5.0
2
5.0   (2-4) 
where τ0.5 is the time scale for which the cross-correlation function is half of its maximum value 
such as: Rxy(T+τ0.5) = 0.5×Rxy(T), and T0.5 is the characteristic time for which the normalised auto-
correlation function equals: Rxy(T0.5) = 0.5. Both the calculation of interfacial velocity and 
turbulence intensity were conducted herein for 15 non-overlapping segments of the raw signal to 
avoid any biasing of the correlation which might occur for large data sets (HAYES 1996; 
GONZALEZ 2005). Appendix A includes further developments leading to the derivation of 
Equation (2-4). 
The integration of the auto- and cross-correlation functions from the maximum correlation (Rxy)max 
to the first zero-crossing of the correlation curve yielded the integral time scales Txx and Txy: 
   



0R
0
xxxx
xx
dRT  (2-5) 
  
  
 




0R
RR
xyxy
xy
maxxyxy
dRT  (2-6) 
Txx is the auto-correlation integral time scale characterising the longitudinal air-water flow structure 
(CHANSON & CAROSI 2007a), i.e. it represents a rough measure of the longest longitudinal 
connection (CHANSON 2007). The cross-correlation integral time scale Txy characterises the 
vortices advecting the air-water flow structure and is a function of the probe separation distance. 
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2.4 ADVANCED SIGNAL PROCESSING: TRIPLE DECOMPOSITION OF INSTATIONARY 
AIR-WATER FLOW SIGNAL 
2.4.1 Presentation 
In pooled stepped spillways, some visual observation of the flow pattern indicated some instabilities 
for a range of flow conditions encompassing transition and skimming flows. In the transition flows, 
the instabilities were clearly seen in the form of self-induced surface waves propagating 
downstream. Further instabilities were observed in transition and skimming flow regimes, i.e. some 
surface waves linked with some unstable recirculation and cavity ejection processes. These pseudo-
periodic instationary processes showed characteristic frequencies between 0.5 and 2 Hz. 
In this section, a novel triple decomposition approach of instationary air-water flow data is 
introduced. In the triple decomposition approach, the raw signals are split into different velocity 
components to identify the fast velocity fluctuations accounting for the turbulent energetic 
dissipation. The technique is applied to the experiments in a pooled stepped spillway below. Details 
about its application to hydraulic jump can be found in chapter 5. Some mathematical derivations 
are detailed in Appendix A, and the basic assumptions are tested in Appendix B. 
 
2.4.2 Triple decomposition of instantaneous velocities in mono-phase flows 
When a turbulent flow motion is characterised by slow fluctuations, the turbulence characterisation 
may be based upon a triple decomposition of the instantaneous velocity signal (e.g. HUSSAIN & 
REYNOLDS 1970; LYN & RODI 1994; FOX et al. 2004; BROWN et al. 2011). The data is the 
instantaneous velocity signal u(t) recorded at a fixed location within the flow and it is decomposed 
into three components: 
 )t(''u)t('uU)t(u   (2-7) 
where U is a mean velocity component, u'(t) represents the slow fluctuating velocity and u''(t) the 
fast fluctuating velocity component which corresponds the turbulent motion within the flow.  
The decomposition of the instantaneous velocity must be based upon some characteristic 
frequencies which are identified in visual observations or the power spectra of the recorded signal. 
The decomposition into the different velocity components is then performed by some low, band and 
high pass filtering. 
 
2.4.3 Triple decomposition approach in unsteady air-water flows on a pooled stepped spillway 
In the present experimental study of unsteady air-water flows, no instantaneous velocity signal 
exists because the time-averaged interfacial velocity was calculated based upon the cross-
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correlation technique (section 2.3) (1). The triple decomposition method (2) was applied herein to 
the raw probe signals of the double-tip conductivity probe. The signals of both leading and trailing 
tips were split into three components reflecting the mean, slow fluctuation and fast fluctuation 
contributions. The approach was identical to the monophase flow technique, but it was applied to 
the phase-detection probe signal rather than to the instantaneous velocity signal. 
The raw signal decomposition was performed using some characteristic cut-off frequencies. The 
characteristic frequencies were identified using visual observations as well as power spectra 
analyses of raw signals. 
Table 2-2 summarises the basic notations used in this section. Further details on each parameters are 
presented in the following paragraphs. 
 
Table 4-1 - Summary of the investigated air-water flow parameters in the signal decomposition of 
free-surface flows 
 
Signal components Parameter 
Raw 
data 
Band pass 
filtered signal 
data 
(0.33-10 Hz) 
High pass 
filtered signal 
data 
(10-10,000 Hz)
Data calculated based upon 
weighted sum of correlation 
functions of band and high 
pass filtered signal 
components 
(1) (2) (3) (4) (5) 
Auto-correlation function [-] Rxx Rxx' = α × Rx'x' Rxx'' = β × Rx''x'' Rxx(1) = α × Rx'x' + β × Rx''x'' 
Cross-correlation function [-] Rxy Rxy' = A × Rx'y' Rxy'' = B × Rx''y'' Rxy(1) = A × Rx'y' + B × Rx''y'' 
Maximum cross-correlation [-] (Rxy)max (Rxy)'max (Rxy)''max (Rxy)(1)max 
Cross-correlation time scales [s] Txy Txy' Txy'' Txy(1) 
Auto-correlation time scales [s] Txx Txx' Txx'' Txx(1) 
Interfacial velocity [m/s] V V' V'' V(1) 
Turbulence intensity [-] Tu Tu' Tu'' Tu(1) 
 
Characteristic frequencies of raw signal 
In the present study, the characteristic frequencies were identified by visual observations of the air-
water flow processes in the downstream step pools in skimming flows. Some typical frequencies 
                                                 
1 Another signal processing technique may consist of a pattern recognition of the successive detection of a 
bubble/droplet by both leading and trailing tips. In that case, the instantaneous velocity signal is a 
discontinuous time series. 
2 The triple decomposition method was basically identical to that used to velocity signals. For example for 
the processing of periodic flows (HUSSAIN & REYNOLDS 1970) and ADV signals (BROWN et al. 2011). 
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were within the range of 0.5–2 Hz. The characteristic frequencies were also reflected in the FFT 
spectral analyses of the probe signals sampled at 20 kHz for 45 seconds (Fig. 2-6). Figure 2-6 
shows some typical power spectra of the probe signal together with a smoothed curve highlighting 
some peaks and troughs in the power spectrum density functions within 0.3 to 2 Hz. The visual 
observations and the peaks and troughs in the power spectra indicated some characteristic peak in 
energies within the range of 0.5-2 Hz, likely linked with unsteady velocities in the pooled stepped 
spillway flow. 
 
Fig. 2-6 - Spectral analysis of the fluctuations of raw phase detection probe signal of the leading tip 
of a double-tip conductivity probe in skimming flows - Smoothed signal in red 
(A) C = 0.812, F = 21.0 Hz, V = 1.55 m/s 
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(B) C = 0.751, F = 54.5 Hz, V = 2.37 m/s 
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Characteristic frequencies of interfacial velocity signal 
Similar characteristic frequencies were also found in power spectra of interfacial velocity signals of 
the double-tip conductivity probe. That is, the raw signals of 45 s duration were split into 450 non-
overlapping intervals of 0.1 s. The period of each interval corresponded to a frequency of 10 Hz 
which was one order of magnitude larger than the previously identified characteristic frequencies of 
the raw signal power spectrum (Fig. 2-6). For all 450 intervals, a cross-correlation analysis was 
performed and the interfacial time-averaged velocity was calculated (Fig. 2-7). Typical results are 
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presented in Figure 2-7, showing the time-variations of interfacial velocity in skimming flow (3). 
The resulting velocity signal was analysed using a fast Fourier transform (FFT) and some typical 
power spectra are illustrated in Figure 2-8. The graphs showed typical troughs for frequencies of 
about 0.3 to 0.5 Hz, which was consistent with the FFT analyses of the raw Voltage signal (Fig. 2-
6). The results tended to support the visual observations as well as the FFT spectral analyses of the 
raw probe signals which identified characteristic frequencies of about 0.3 to 2 Hz. 
The observations of both energy spectra of raw probe signals and interfacial velocity components 
indicated consistently some characteristic energy peaks about 0.3 to 2 Hz. It is believed that these 
energy peaks reflected the visual observations of slow-fluctuating air-water flow motion on the 
pooled stepped spillway. 
 
Fig. 2-7 - Interfacial velocity signal of a double-tip conductivity probe calculated for a series of 
non-overlapping 0.1 s intervals - Flow conditions: dc/h = 2.66, step 21, y = 78 mm, C = 0.365, F = 
69.9 Hz, V = 2.43 m/s 
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3 Note that a few meaningless values (e.g. very large or negative velocities) were removed. The meaningless 
values were caused by the small interval duration (2,000 data points) over which the correlation function was 
calculated. It is acknowledged that the manual removal of meaningless data might bias the results, although 
the analysed data were located in the shear region typically characterised by positive time-averaged 
velocities. 
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Fig. 2-8 - Spectral analyses of the fluctuations of the interfacial velocity signal of a double-tip 
conductivity probe (0.1 s intervals) - Smoothed signal in red 
(A) C = 0.365, F = 69.9 Hz, V = 2.43 m/s 
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(B) C = 0.622, F = 57.7 Hz, V = 2.83 m/s 
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Decomposition of the raw signal using filtering 
The instationarities in pooled stepped spillway flows were visible in the forms of pseudo-periodic 
cavity recirculation processes including irregular ejection and fluid replenishment of the step 
cavities, observations being recorded for both transition and skimming flows. The same 
characteristic frequencies were also visible in the power spectra of the raw probe signal, showing 
peaks and troughs about 0.3 to 2 Hz. Some characteristic frequencies of about 0.3 to 0.5 Hz were 
also observed in the power spectrum of interfacial velocities with element sizes of 0.1 s (10 Hz). 
A sensitivity analysis was performed in terms of suitable cutoff frequencies (App. C). The results 
yielded a lower cut-off frequency of 0.33 Hz and an upper cut-off frequency of 10 Hz. Based upon 
these thresholds, the low pass, band pass and high pass filtering of the raw signals were performed 
upon a common FFT approach (PRESS et al 2007). Figure 2-9 illustrates a typical raw probe signal 
(Fig. 2-9A) and the resulting components after filtering (Fig. 2-9B-D). Please note the different time 
axis range for the low pass filtered signal in Figure 2-9D. The first and last three seconds of the 
filtered records were removed to avoid any end affects induced by the filtering (see Fig. 2-9D).  
Each decomposed data set was based upon a complete time series of 39 s at 20 kHz, i.e. 780,000 
data points. A sensitivity analysis showed that a segmentation of the signals for further analyses was 
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optimum using three non-overlapping intervals of 13 s (4) and the results were averaged. The triple 
decomposition technique calculations conducted with a Fortran program to calculate the 
decomposed air-water flow properties. 
 
Fig. 2-9 - Raw and filtered signals for qw = 0.182 m2/s, dc/h = 3.0, step 20, y = 0.092 m, C = 0.445, 
F = 70.1 Hz, V = 2.55 m/s - Note the different (longer) horizontal scale in Figure 2-9D 
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(B) High pass filtered raw signal (10 - 10000 Hz) 
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(C) Band pass filtered raw signal (0.33 - 10 Hz) 
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4 A 13-s sub-sample allowed a sufficiently large data sub-set and yielded a proper smoothing of the results. 
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(D) Low pass filtered raw signal (0 - 0.33 Hz) 
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Basic air-water flow properties - Void fraction 
The instantaneous void fraction of the raw signal may be expressed in terms of the decomposed 
filtered components: 
 'c'c' c~c   (2-8) 
where c is the instantaneous void fraction (5), c~  is a mean or low pass filtered component, c' 
represents the slow fluctuating or band pass filtered contribution and c'' is the fast fluctuating or 
high pass filtered component which was expected to be associated with the 'true' turbulent motion of 
the flow. 
The time averaged void fraction C is defined as: 
 "C'CC~)"c'cc~(
n
1C
n
1
   (2-9) 
where n was the number of data samples. When the lower cut-off frequency (0.33 Hz herein) is 
significantly smaller than the characteristic frequencies of the air-water flow fluctuations, it yields: 
 C~c~
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1
   (2-10) 
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1
   (2-12) 
Table 2-3 illustrates the triple decomposition results in terms of void fraction and bubble count rate 
for several positions in a cross-section and for several flow rates in a pooled stepped spillway. The 
                                                 
5 Herein the instantaneous void fraction c is defined as a linear function of the instantaneous probe voltage 
output between the air and water voltages with: 0  c  1. A slightly different definition is based upon the 
single-threshold processing technique yielding a non-linear function of probe signal output: c = 0 or 1. 
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data confirmed the assumptions underlying Equations (2-8) to (2-12). Further validation data are 
illustrated in Appendix B. Appendices A and B present in more details the effects of the 
decomposition technique on the experimental results.  
 
Table 2-3 - Comparison of void fraction and bubble count rate data for raw signal and filtered 
components on a pooled stepped spillway 
 
dc/h Step 
edge 
Elevation 
y 
[mm] 
C 
[-] 
C~  
[-] 
C' 
[-] 
C'' 
[-] 
F 
[Hz] 
F~  
[Hz] 
F' 
[Hz] 
F'' 
 [Hz] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
1.7 21 58 0.398 0.399 0 0 47.29 0.23 4.36 46.54 
  64 0.526 0.514 0.001 0 44.18 0.26 4.21 43.33 
  76 0.749 0.744 0.002 0 31.22 0.28 4.33 30.21 
2.66 21 75 0.286 0.298 0.002 0 64.09 0.28 4.10 66.23 
  82 0.450 0.455 0 0 73.24 0.33 4.72 74.64 
  92 0.707 0.693 0 0 57.93 0.28 4.90 58.95 
3.55 21 95 0.228 0.227 0 0 62.62 0.23 4.85 62.82 
  108 0.471 0.476 0.001 0 67.40 0.31 5.44 66.97 
  118 0.722 0.714 0.001 0 53.20 0.36 5.41 53.69 
 
Basic air-water flow properties - Auto- and cross-correlation functions 
The calculations of time-averaged velocity, turbulence intensity and auto- and cross-correlation 
time scales are based upon some analyses of the auto- and cross-correlation functions. The 
normalised auto-correlation function is defined as: 
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where c is the instantaneous void fraction of the leading tip and  is the time lag. The normalised 
cross-correlation function is defined as: 
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where the subscripts 1 and 2 referred to the leading and trailing probe signal data respectively. Note 
that typically C1  C2, although the probe trailing tip signal might be affected by the leading tip 
wake depending upon the dual-tip probe design (SENE 1984, CHANSON 1988,2002a). 
Assuming that 1c~   2c~  C1  C2, the low pass filtered or mean velocity component cancel out and 
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the cross-correlation function becomes: 
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It may be transformed as: 
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Basically Rx'y', Rx"y", Rx'y" and Rx"y' are respectively the normalised cross-correlation functions 
between the slow fluctuating or band pass filtered signals, between the fast fluctuating or high pass 
filtered components, and between band pass filtered and high pass filtered signals. The factors A, B, 
D and E are independent of the time lag  provided that the sampling time is significantly larger 
than the time lag. 
Equation (2-16) illustrates that the cross-correlation function may be expressed as a linear function 
of the cross-correlation functions of the filtered signals Rx'y', Rx"y", Rx'y" and Rx"y'. The experimental 
data showed further that Rx'y"  Rx"y'  0 (Appendix B). The result was expected since there is no 
overlap in frequency range between the band pass and high pass filtered signals. In turn the physical 
data implied in first approximation: 
 )(R)("R)('R)(RB)(RA)(R )1(xyxyxy"y"x'y'xxy   (2-17) 
where Rxy' and Rxy'' are proportional respectively to the cross-correlation functions of band pass and 
high pass filtered signals(6) and Rxy(1) was the sum of the band and high pass filtered correlation 
functions.  
A similar reasoning may be applied to the auto-correlation function. The results yield: 
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where 
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6 The coefficients of proportionality are respectively the factors A and B (Eq. (2-17)). 
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In first approximation, the physical data gave: 
 )(R)("R)('R)(R)(R)(R )1(xxxxxx"x"x'x'xxx   (2-19) 
where Rxx' and Rxx'' were proportional to the auto-correlation functions of band pass and high pass 
filtered signals respectively and Rxx(1) was the sum. More details about the derivation of the auto- 
and cross-correlation functions can be found in Appendix A and some experimental results are 
presented in Appendix B showing the validity of Equations (2-17) and (2-19). 
The auto- and cross-correlation functions of the raw signal are commonly used to calculate the time 
averaged interfacial velocity V (Eq. (2-3)), the turbulence levels Tu (Eq. (2-4)) and the auto- and 
cross-correlation time scales Txx (Eq. (2-5)) and Txy (Eq. (2-6)). The above findings showed that 
Equations (2-17) and (2-19) implied no contribution of the low pass filtered signal component on 
the decomposition of the correlation functions. Consequently, there was no contribution of the low 
pass filtered signal component to the air-water flow properties calculated based upon correlation 
techniques. 
 
Basic air-water flow properties - Interfacial velocity 
It may be shown that the cross-correlation function can be decomposed linearly (Eq. (A-1)), and the 
time-averaged interfacial velocity corresponding to the band pass and high pass filtered signal is: 
 V~
'T
x'V   (2-20) 
 V
"T
x"V   (2-21) 
where T' and T" are the time lags for which Rx"y" and Rx'y' were maximum respectively. A further 
time-averaged interfacial velocity may be calculated based upon Equation (2-17): 
 V
T
xV )1(
)1(   (2-22) 
where T(1) was the time for which Rxy(1) is maximum: Rxy(1) = (Rxy)(1)max. 
 
Basic air-water flow properties - Auto- and cross-correlation time scales 
Since the correlation function is a linear function of the cross-correlation functions of the filtered 
signals (Eq. 2-17), the definition of the cross-correlation integral time scale becomes: 
 )1(xyxyxy"y"x'y'xxy T"T'TTBTAT   (2-23) 
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Equations (2-24) to (2-26) describe the cross-correlation integral time scales for the band pass 
filtered signal, for the high pass filtered signal and for the sum of the cross-correlation functions of 
band and high pass filtered signals (Eq. (2-17)) respectively. 
Similarly the auto-correlation function may be rewritten as: 
 )1(xxxxxx"x"x'x'xxx T"T'TTTT   (2-27) 
The validity of Equations (2-23) and (2-27) is tested with experimental data in Appendix B. 
 
Basic air-water flow properties - Turbulence intensity 
Assuming that the successive detection of bubbles by the probe sensors was a true random process, 
the cross-correlation function is a Gaussian distribution (CHANSON and TOOMBES 2002a, 
CAROSI and CHANSON 2006). Within some basic assumptions (App. A), the turbulence intensity 
u'/V is equal to: 
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where xy is the standard deviation of the cross-correlation function and xx is the standard 
deviation of the auto-correlation function (HARVEY 1993). The turbulence intensity may be 
expressed in terms of the auto- and cross-correlation time scales: 
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More details about the derivation of Equations (2-28) and (2-29) can be found in Appendix A. The 
results highlighted that the turbulence intensity estimate using Equation (2-29) is a function of the 
correlation function shapes. Therefore a different approach was used herein for the quantification of 
the turbulence level. 
Assuming that the cross-correlation function was a Gaussian distribution and defining  the time 
scale for which: Rxy(T+0.5)=Rxy(T)/2, the standard deviation of the cross-correlation function 
equalled: xy = 0.5/1.175, while the standard deviation of the autocorrelation function equalled: xx 
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= T0.5/1.175 where T0.5 was the characteristic time for which the normalised autocorrelation 
function was 0.5. Equation (2-28) yields: 
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Equation (2-30) was introduced previously (Eq. (2-4)) and it was used in several air-water flow 
studies (CHANSON and TOOMBES 2002a; GONZALEZ & CHANSON 2004; FELDER & 
CHANSON 2009b; CHACHEREAU & CHANSON 2011a). Using Equation (2-30), the turbulence 
intensities for the band pass filtered, the high pass filtered signal and for the sum of the cross-
correlation functions of band and high pass filtered signals (Eq. (2-17)) are calculated as: 
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Note that it is not possible yet to justify theoretically the validity of Equations (2-31) to (2-33) as 
the decomposition of Equation (2-29) (or Eq. (2-30)) is highly non-linear. 
 
Discussion 
A triple decomposition approach for a raw probe signal in an air-water flow was introduced above. 
The raw probe signals were band pass filtered and the resulting decomposed signal components 
may be analysed to identify the corresponding air-water flow properties. The calculations were 
based upon auto- and cross-correlation analyses of the decomposed probe signals. The theoretical 
validation of the approach was summarised above and further developments are presented in 
Appendixes A and B. 
Simply the auto- and cross-correlations of the respective probe signal components are valid 
representation of the original signal since a linear decomposition was applied (Eq. (2-17) and (2-
19)). The calculations of the auto- and cross-correlation time scales and of the interfacial velocities 
are theoretically justifiable. Yet it was not possible to prove the theoretical validity of the turbulence 
intensity decomposition because of the non-linearity of the calculation methods (Eq. (2-27) and (2-
29)). It will be shown that the data analyses showed that the decomposition of the turbulence 
intensities based upon Equations (2-31) to (2-33) yielded meaningful results. The present triple 
decomposition technique based upon the raw probe signals differs hence from the traditional triple 
decomposition of velocity signals. For example, it will be shown that the physical results gave: V  
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V" and Tu  Tu' + Tu", while the signal analysis based upon the flow properties could be estimated 
accurately based upon the weighted sum of correlation functions of band- and high-pass filtered 
signals. 
A similar approach in terms of correlation analyses of filtered signals is commonly performed in 
acoustics where it is called interaural correlation (TRAHIOTIS et al. 2005; BOEMER et al. 2011) 
and in speech recognition (STERN et al. 2007). In fluid mechanics, the correlation analysis of 
filtered signals is less common. The use of correlation techniques applied to filtered signals in 
turbulent flows is mentioned by FAVRE (1965), COMTE-BELLOT & CORRSIN (1971) and 
FRISCH (1995). These studies tended to support the selection of the signal decomposition 
technique and its application to the correlation of filtered signal components. 
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3. TRIPLE DECOMPOSITION APPROACH IN AIR-WATER FLOWS ON A 
POOLED STEPPED SPILLWAY - PART 1: AIR-WATER FLOW PATTERN 
AND PROPERTIES 
3.1 EXPERIMENTAL PROGRAM 
The experiments on the stepped spillway were performed for three different configurations with a 
channel slope of 8.9°, a channel width of 0.5 m and a step height of 5 cm (Fig. 3-1). The 
configurations comprised a flat stepped spillway, a pooled stepped spillway with 5 cm high and 1.5 
cm wide weirs and an alternation of flat and pooled steps with regular alternations (Configuration C 
in Fig. 3-1). The visual flow observations were performed for a wide range of discharges: Q = 0.002 
to 0.117 m3/s (i.e. dc/h = 0.25-4.0) corresponding to Reynolds numbers within 1.6×104 < Re < 
9.3×105. Table 3-1 summarises the air-water flow experiments with a double-tip conductivity probe 
for all three configurations. The measurements were conducted downstream of the inception point 
of free-surface aeration at several consecutive step edges up to the downstream chute end. 
 
Fig. 3-1 - Stepped spillway configurations at IWW Aachen - Note the missing steps between steps 2 
and 11 in the drawing: these were not drawn for clarity 
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Table 3-1 - Summary of experiments on stepped spillway channel with double-tip conductivity 
probe for the three configurations (θ = 8.9°, h = 0.05m) 
 
Configuration Q 
[m3/s] 
dc/h 
[-] 
Re 
[-] 
Inception point 
step edge 
Measurement at 
step edge 
Flow 
regime 
(1) (2) (3) (4) (5) (6) (7) 
0.018 1.0 1.39E+05 4 21 TRA 
0.027 1.35 2.18E+05 4 21 TRA 
0.039 1.7 3.10E+05 5 16-21 SK/TRA 
0.049 2.0 3.93E+05 6 21 SK 
0.061 2.3 4.85E+05 7 21 SK 
0.076 2.66 6.03E+05 9 to 10 16-21 SK 
0.091 3.0 7.23E+05 10 to 11 21 SK 
0.105 3.3 8.34E+05 13 to 14 21 SK 
A 
0.117 3.55 9.30E+05 14 to 15 17-21 SK 
0.027 1.35 2.18E+05 3 14-21 TRA 
0.039 1.7 3.10E+05 5 14-21 SK/TRA 
0.049 2.0 3.93E+05 6 20+21 SK 
0.061 2.3 4.85E+05 7 14-21 SK 
0.076 2.66 6.03E+05 8 14-21 SK 
0.091 3.0 7.23E+05 9 20+21 SK 
0.105 3.3 8.34E+05 10 14-21 SK 
B 
0.117 3.55 9.30E+05 11 14-21 SK 
0.027 1.35 2.18E+05 3 to 4 20+21 TRA 
0.039 1.7 3.10E+05 4 14-21 TRA 
0.049 2.0 3.93E+05 4 to 5 20+21 TRA 
0.061 2.3 4.85E+05 4 to 5 20+21 TRA 
0.076 2.66 6.03E+05 5 14-21 TRA 
0.091 3.0 7.23E+05 5 20+21 TRA 
0.105 3.3 8.34E+05 5 20+21 TRA 
C 
0.117 3.55 9.30E+05 5 14-21 TRA 
 
Notes: dc: critical flow depth; h: vertical step height; Q: water discharge; Re: Reynolds number 
defined in terms of the hydraulic diameter; SK: skimming flow regime; TRA: transition flow 
regime. 
 
3.2 FLOW PATTERN ON A STEPPED SPILLWAY WITH 8.9° SLOPE 
3.2.1 Flow regimes 
For discharges between 0.002 and 0.117 m3/s, visual observations were performed for the three 
stepped configurations. The flow pattern for the flat stepped spillway model showed the typical 
flow regimes of nappe, transition and skimming flows (CHANSON 1995,2001). For the pooled 
stepped spillway configuration, the identification of the flow regimes was more difficult, but it 
seemed consistent to use the same classification of the three flow regimes. For the configuration 
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with regular alteration of flat and pooled steps, a more complex flow pattern was present showing a 
change from nappe to transition flow for a comparable flow rate, but no skimming flow was 
observed in the present study.   
For all stepped spillway configurations, Table 3-2 lists the changes in flow regimes. The data 
showed that the changes in flow regimes occurred for almost the same dimensionless discharges 
dc/h for both pooled and flat stepped spillways, where dc is the critical flow depth and h is the 
vertical step height. The results were close to the observations of THORWARTH (2008) on the 
same 8.9° stepped spillway with flat and pooled steps and various weir heights w between 1 and 5 
cm. Interestingly the flow regime changes took place for larger dimensionless flow rates than for 
steeper slopes: e.g. FELDER & CHANSON (2009a), FELDER & CHANSON (2011b) observed 
flow regime changes with 22° and 26° slope respectively for dc/h ≈ 0.5 (NA–TRA) and dc/h ≈ 1.0 
(TRA–SK). Such a trend was predicted analytically by CHANSON (1996,2001). 
For the configuration C (combination of flat and pooled steps), no skimming flow regime was 
observed within the flow rates investigated in the present study. 
 
Table 3-2 - Changes in flow regimes for flat and pooled stepped spillways with 8.9° slope 
 
Configuration NA - TRA TRA - SK 
(1) (2) (3) 
A: Flat stepped spillway dc/h = 0.95 dc/h = 1.69 
B: Pooled stepped spillway dc/h = 1.08 dc/h = 1.76 
C: Combination of flat and pooled stepped spillway dc/h = 1.0 N/A 
 
3.2.2 Flow pattern on the flat stepped spillway 
The air-water flow pattern on the flat stepped spillway showed some typical characteristics, similar 
to previous studies on stepped spillways. For the smaller flow rates (i.e. dc/h < 0.95), a nappe flow 
regime was observed with a succession of free-falling jets (Fig. 3-2). The observations were in 
agreement with the detailed investigations by TOOMBES (2002) on a stepped spillway with a slope 
of 3.4°. With increasing flow discharge (i.e. 0.95 < dc/h < 1.69), the flow appeared chaotic with 
some strong splashing: i.e, the transition flow regime (Fig. 3-3). The flow appearance was 
consistent with previous studies on moderately sloped stepped spillways (CHANSON and 
TOOMBES 2004). However, no air cavities were present in the step niches, which could be linked 
to the flat shape of the step cavities. For larger flow rates dc/h > 1.69, a skimming flow regime took 
place with stable recirculation movements in the step cavity (Fig. 3-4). The free-surface was parallel 
to the pseudo bottom formed by the step edges. The visual observation showed a relatively small 
amount of air entrained in the flow which might be linked with the flatter channel slope. 
29 
Fig. 3-2 - Nappe flow regime on a flat stepped spillway (dc/h = 0.88, Q = 14.5 l/s, Re = 1.15×105) 
 
Fig. 3-3 - Transition flow regime on a flat stepped spillway (dc/h = 1.2, Q = 23.0 l/s, Re = 1.83×105) 
 
Fig. 3-4 - Skimming flow regime on a flat stepped spillway (dc/h = 3.3, Q = 106.5 l/s, Re = 
8.46×105) 
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3.2.3 Flow pattern on the pooled stepped spillway 
Detailed visual observations were performed for the pooled stepped spillway configuration for flow 
rates within 0.0043 to 0.117 m3/s. For the smallest discharges (dc/h < 1.08), a nappe flow regime 
was observed with water discharging as a free-falling jet impacting into the underlying step pool 
(Fig. 3-5). Figure 3-5 shows a typical nappe flow with air being entrained in the water filled pool by 
the plunging jet. The air bubbles made their way to the free surface and were detrained before the 
next overfall. The flow was stable and most energy was dissipated along the pooled stepped 
spillway (CHANSON 1994). 
With increasing discharge, the flow became unstable in the transition flow regime. The instabilities 
were self-induced and previously investigated in detail by THORWARTH (2008) in the same 
pooled stepped spillway with two different channel slopes (8.9 and 14.6°) and with various weir 
heights between 1 and 5 cm. THORWARTH (2008) described the unstable processes as jump 
waves and proposed several mechanisms associated with it including a partial appearance of a 
hydraulic jump in the pooled stepped cavity and the sudden cavity ejection at the downstream end. 
The unstable processes appeared along the spillway and jump waves propagated downstream. 
THORWARTH (2008) identified some characteristic frequencies for the instabilities ranging from 
0.25 to 1 Hz depending on the channel slope and the step edge.  
 
Fig. 3-5 - Nappe flow regime on a pooled stepped spillway (dc/h = 0.69, Q = 9.3 l/s, Re = 7.39×104) 
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Fig. 3-6 - Instabilities in the transition flow regime on the pooled stepped spillway (dc/h = 1.35, Q = 
27.6  l/s, Re = 2.18×105) - Photographs from top left corner to bottom right corner 
 
In the present study, the self-induced jump waves were present for discharges between dc/h = 1.08-
1.76. The observation was close to the finding of THORWARTH (2008) who reported jump waves 
for 0.14 ≤ dc/l ≤ 0.25 (present study: 0.165 ≤ dc/l ≤ 0.27). Some typical instabilities are illustrated in 
a series of photos presented in Figure 3-6 for one discharge. Figure 3-6 highlights the unstable jump 
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wave processes including some surface wave propagation and sudden cavity ejections. Please note 
that the visual appearance of the so called transition flow regime on the pooled stepped spillway 
showed marked differences with the transition flow regime on a flat stepped spillway. 
For larger discharges dc/h > 1.76, the jump wave pattern was not present and the flow appeared 
similar to a skimming flow regime. Some air was entrained in the flow downstream of the inception 
point of air entrainment, where the turbulence within the flow was large enough to overcome 
surface tension and buoyancy forces. Downstream of the inception point of free surface aeration, air 
was continuously entrained and the water consisted of an air-water flow mixture. Some 
recirculation motions in the step cavities were visible and the surface of the air-water flows was 
overall parallel to the pseudo bottom (Fig. 3-7). 
However, some instabilities were still seen in skimming flows (Fig. 3-8). Figure 3-8 shows some 
examples of instabilities for three typical skimming flow discharges including unstable cavity 
recirculations, sudden cavity ejections and surface waves. These instabilities appeared to decrease 
with increasing discharges, but they were still present for the maximum flow rate in the present 
study (dc/h = 3.55). Through visual observations and video documentation, the unstable processes 
had characteristic frequencies in the range of 0.5 to 2 Hz. Thus the frequency range was similar to 
the observations in the transition flow regime and its unstable jump waves. The frequencies were 
deduced from visual observations. Despite some scatter, all the results (visual and video 
observations) yielded the same frequency range. 
 
Fig. 3-7 - Skimming flow regime on the pooled stepped spillway (dc/h = 3.0, Q = 91.1 l/s, Re = 
7.23×105) 
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Fig. 3-8 - Skimming flow regime on the pooled stepped spillway; Note the instabilities for all flow 
discharges 
(A) dc/h = 2.3, Q = 61.0 l/s, Re = 4.85×105  
(B) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105  
 
(C) dc/h = 3.3, Q = 104.8 l/s, Re = 8.34×105  
 
3.2.4 Flow pattern on the stepped spillway with a combination of flat and pooled steps 
For the experiments with a combination of flat and pooled steps (Configuration C), some more 
complex air-water flow pattern was observed. For the smallest flow rates, a nappe flow regime was 
visible for flow rates such as dc/h < 1.0 (Fig. 3-9). Figure 3-9 illustrates a typical nappe flow regime 
for the configuration C. A free-overfall at the weirs of the pooled steps was followed by a hydraulic 
jump and some air was entrained and released before the next overfall. All the energy was 
dissipated in a regular and stable flow pattern. 
For the larger flow rates (dc/h > 1.0), a transition flow existed with strong instabilities. Figures 3-10 
to 3-12 illustrate the transition flow regime for several discharges highlighting strong aeration and 
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strong droplet splashing. In Figure 3-10, the transition flow is illustrated for two flow rates along 
the spillway. Some instabilities are visible along the chute including some surface waves 
propagation along the spillway and some irregular recirculation and ejection processes. Some strong 
splashing was observed in the transition flows with some droplet ejection of about 20 times the step 
height for the largest flow rates. Figure 3-11 shows some more details of the instabilities for two 
transition flow rates. The flow appeared highly unstable, and this appeared to be linked with the 
stepped spillway configuration of alternation of flat and pooled steps. Some highly unstable 
processes were visible including surface waves, cavity recirculations and ejections as well as water 
droplet ejection and splashing processes. 
 
3.2.5 Inception point of free-surface aeration 
For all flow rates, the flow was characterised by some strong aeration. At the upstream end, just 
downstream of the broad-crested weir, the flow was un-aerated and glassy. Some strong free-
surface fluctuations were observed. Figure 3-12 illustrates the inception point of free surface 
aeration for two different discharges. For the larger discharge, the inception point was located about 
1 step length further downstream, although the inception process differed from inception processes 
observed for the uniform flat and pooled stepped spillways. 
 
Fig. 3-9 - Nappe flow regime on the stepped spillway with a combination of flat and pooled steps 
(dc/h = 0.73, Q = 11.0 l/s, Re = 8.74×104) 
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Fig. 3-10 - Transition flow regime on the stepped spillway with a combination of flat and pooled 
steps 
(A) dc/h = 1.99, Q = 49.3 l/s, Re = 3.92×105 
(B) dc/h = 3.34, Q = 106.9 l/s, Re = 8.49×105 
 
For all experiments, the inception point of free-surface aeration was recorded for a range of 
discharges per unit width between qw = 0.008 to 0.234 m2/s, encompassing nappe, transition and 
skimming flows for the flat and pooled stepped spillway configurations. For the configuration of 
combined flat and pooled steps the inception points were recorded for the transition flow regime. 
The inception point location data LI/ks are illustrated in Figure 3-13 as a function of a Froude 
number F*, where F* is expressed in terms of the step roughness: 
 
3
s
w
ksing
q
*F

  (3-1) 
Herein LI is the distance from the first step edge to the inception point of free-surface aeration and 
ks is the step cavity height normal to the main stream flow: ks = h×cosθ for flat stepped spillway and 
ks = (h+w)×cosθ for the pooled stepped spillway. For the combination of flat and pooled steps, the 
inception point data are presented for both step cavity height definitions. 
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Fig. 3-11 - Details of instabilities in transition flow regime on the stepped spillway with a 
combination of flat and pooled steps 
(A) dc/h = 1.71, Q = 39.2 l/s, Re = 3.11×105  
(B) dc/h = 3.06, Q = 93.7 l/s, Re = 7.45×105  
 
Fig. 3-12 - Inception point of air-entrainment on the stepped spillway with a combination of flat and 
pooled steps 
(A) dc/h = 1.71, Q = 39.2 l/s, Re = 3.11×105 (B) dc/h = 3.18, Q = 99.2 l/s, Re = 7.88×105 
 
The inception point observations for both flat and pooled stepped spillways were close and they 
were compared with two empirical correlations by CHANSON (1995): 
 713.00796.0I *F)(sin719.9
cosh
L   (3-2) 
and by THORWARTH (2008) for flat and pooled stepped spillways with slopes of 8.9 and 14.6°: 
 85.023.0
s
I *F)(sin7.9
k
L    = 8.9 and 14.6° & 0.5 ≤ dc/h ≤ 3.6  (3-3) 
Both empirical equations are shown for the channel slope of 8.9° in Figure 3-13 and the results 
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showed a good agreement (7). Some considerable differences were visible for the largest flow rates 
on the flat stepped spillway which might be linked with some subjective judgement of the exact 
location of the inception point. 
The inception point data for the configuration with both flat and pooled steps showed some clear 
differences linked with the jet generated at the upstream end of the spillway. The position of the jet 
did not change much for the investigated flow rates and the location of the inception points of air-
entrainment remained about constant for the largest flow rates. The differences between the 
combined configuration and the flat and pooled stepped spillway observations are clearly visible in 
Figure 3-13. 
 
Fig. 3-13 - Location of inception point in the present study for slopes of 8.9° - Comparison with 
empirical correlations (Eq. (3-2) & (3-3)) 
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3.3 BASIC AIR-WATER FLOW PROPERTIES 
The air-water flow measurements were conducted for all configurations with the same 
instrumentation and signal processing technique. A comparison of some characteristic properties for 
flat and pooled stepped spillways is presented below. Please note that no results for the 
                                                 
7  Even though Equation (3-3) gave a better agreement, it was developed for two slopes only. Equation (3-20) 
was developed for slopes ranging from 27 to 53° (CHANSON 1995), and it was shown to fit well data within 
8 <  < 60° (CHANSON 2001,2006). 
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configuration with the combined pooled and flat stepped spillway are presented. The comparative 
analyses comprised a wide range of discharges for dc/h = 1.35 to 3.55, Q = 0.027 to 0.117 m3/s and 
Re = 2.18×105 and 9.3×105. Some basic air-water flow properties were in good agreement between 
both configurations, including the void fraction and interfacial velocity distributions. However 
some differences were noted in terms of bubble count rates, auto-, and cross-correlation time scales 
and turbulence intensities. The measurements of air-water flow properties were conducted at several 
elevations y measured perpendicular to the pseudo-bottom former by the step edges. For the flat 
stepped spillway, the pseudo-bottom (y = 0) was defined by the step edges. For the pooled stepped 
spillway, the datum (y = 0) was the upper edge of the pool weir. 
 
Void fraction and interfacial velocity distributions 
Some typical void fraction distributions C are illustrated in Figure 3-14 for several consecutive step 
edges downstream of the inception point. Figure 3-14 includes two graphs. Figure 3-14A shows a 
self-similar presentation with C as a function of the dimensionless distance above the pseudo-
bottom y/Y90, and Figure 3-14B presents a dimensionless plot of C as a function of y/dc. Herein Y90 
is the characteristic depth where the air concentration is 90% and Y90 varies from step edge to step 
edge. And dc is the critical flow depth which is a function of the discharge per unit width only. The 
shape of the void fraction distributions was similar for all graphs highlighting a typical S-profile in 
skimming flows. In the self-similar presentation (Fig. 3-14A), almost no difference between the 
data is visible. However, with the dimensionless profile C versus y/dc, some differences were 
visible possibly linked to the different flow depth between flat and pooled stepped spillways (Fig. 
3-14B). Altogether the results implied some slower flow motion above the pooled steps. In Figure 
3-14A, the void fraction distributions compared very well with an analytical solution of the 
advective diffusion equation for air bubbles in turbulent free-surface flows (CHANSON & 
TOOMBES 2002a; CHANSON 2008): 
   




 o
3
90
o
902
D3
3/1Y/y
D2
Y/y
'Ktanh1C  (3-4) 
where K' is an integration constant and Do is a function of the depth-averaged void fraction Cmean 
only: 
 
oo D81
8
D2
1*K'K   (3-5) 
   32745015.01.0tanh*K 1    (3-6) 
   omean D614.3exp0434.17622.0C   (3-7) 
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Fig. 3-14 - Comparison of void fraction distributions in flat and pooled stepped spillways - Note the 
different y-axis scaling between Fig. 3-14A and 3-14B 
(A) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105; comparison with theory 
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(B) dc/h = 3.55, Q = 117.0 l/s, Re = 9.3×105 
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Figure 3-15 presents some typical velocity distribution data with both a self-similar and 
dimensionless presentation. In Figure 3-15A, V/V90 is plotted as a function of y/Y90, where V90 is 
the velocity at C = 90%. Despite some data scatter, the velocity data were in good agreement and 
they were correlated with a power law: 
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N/1
9090 Y
y
V
V



  0 ≤ y/Y90 ≤ 1  (3-8) 
The power law exponent was typically N = 10 for skimming flows (e.g. CHANSON & TOOMBES 
2002a; GONZALEZ 2005; CHANSON & CAROSI 2007b; FELDER & CHANSON 2009a), but 
the exact value may vary from one step edge to the next one for a given flow rate. In the upper 
spray region (i.e. y/Y90 > 1), a uniform velocity profile was observed as shown by earlier studies: 
 1
V
V
90
  1 > y/Y90  (3-9) 
 
Fig. 3-15 - Comparison of interfacial velocity distributions on flat and pooled stepped spillways - 
Note the different scale of x- and y-axes between Figures 3-15A and 3-15B 
(A) dc/h = 3.55, Q = 117.0 l/s, Re = 9.3×105 
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(B) dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105 
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In Figure 3-15B, the dimensionless velocity V/Vc is shown as a function of the dimensionless 
distance y/dc, where Vc is the critical velocity. The results showed comparatively larger velocities 
on the flat stepped spillway (Fig. 3-15B, filled symbols) than those observed on the pooled stepped 
spillway (Fig. 3-15B, white symbols). In Figure 3-15B, the data corresponded to a discharge in 
between transition and skimming flow regimes for the pooled stepped configuration, and the 
velocity profiles differed from the typical skimming flow results, shown for example in Fig. 3-15A. 
A larger data scatter was seen in the spray region. 
Overall, the velocity distributions showed a slower flow motion on the pooled steps. 
 
Bubble count rate and auto- and cross-correlation time scales 
The distributions of bubble count rate and auto- and cross-correlation time scales showed 
characteristic shapes on both pooled and flat stepped spillways, with maximum values in the 
intermediate flow region (0.3 < C < 0.7). In the bubbly flow region (C < 0.3) and the spray region 
(C > 0.7), the bubble frequency and the time scales tended towards very small values. 
The comparative analyses of bubble count rate and auto- and cross-correlation integral time scales 
showed some marked differences in magnitude between flat and pooled stepped spillways. Figure 
3-16 shows some typical dimensionless bubble count rate distributions for both configurations as a 
function of y/Y90. The most distinctive difference was that the dimensionless bubble frequencies of 
the flat stepped spillway were about twice as large compared to those recorded in the pooled 
stepped spillway across the entire air-water column. 
The auto- and cross-correlation integral time scale data showed also some differences (Fig. 3-17 
and 3-18). In Figure 3-17, the auto-correlation time scales are presented in dimensionless terms as a 
function of y/Y90. The data showed that the dimensionless time scales on the pooled stepped 
spillway were about three to four times as large as the time scales on the flat stepped spillway. A 
similar finding is seen in Figure 3-18 in terms of the cross-correlation time scales, shown in 
dimensionless terms as a function of the dimensionless distance y/dc. The dimensionless cross-
correlation integral time-scales were about five to seven times larger on the pooled stepped 
spillway. 
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Fig. 3-16 - Comparison of bubble count rate distributions on flat and pooled stepped spillways - 
Flow conditions: dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
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Fig. 3-17 - Comparison of auto-correlation time scale distributions on flat and pooled stepped 
spillways - Flow conditions: dc/h = 3.55, Q = 0.117 m3/s, Re = 9.3×105 
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Fig. 3-18 - Comparison of cross-correlation time scale distributions on flat and pooled stepped 
spillways - Flow conditions: dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
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Turbulence intensity 
Some distinctive differences between pooled and flat spillway configurations were also visible in 
terms of the turbulence levels in the air-water flow region. Figure 3-19 illustrates these differences 
in both self-similar and dimensionless presentations: Tu as a function of y/Y90 in Figure 3-19A and 
Tu as a function of y/dc in Figure 3-19B. On the pooled stepped spillway, the turbulence levels were 
significantly larger than on the flat stepped spillway. The maximum turbulence levels reached up to 
600% in the intermediate flow region on the pooled stepped spillway, compared to 150-200% on 
the flat stepped spillway. In the lower bubbly flow region and the upper spray region, the turbulence 
levels tended towards about 20-40% for both configurations as shown by CHANSON & 
TOOMBES (2002a). 
The relationship between turbulence levels and dimensionless bubble count rate was investigated. 
The present data sets are shown in Figure 3-20 for both configurations as well as an empirical 
correlation of a flat stepped spillway with 26.6° (FELDER & CHANSON 2011a). The present data 
on flat stepped spillway were in agreement with earlier findings, but the data on pooled stepped 
spillway showed a very different pattern (Fig. 3-20). 
Figure 3-21 shows further differences in terms of maximum turbulence levels between flat and 
pooled stepped spillways. The maximum turbulence intensities Tumax at longitudinal locations are 
presented as functions of the dimensionless distance from the inception point of air-entrainment (x-
LI)/dc for all investigated flow conditions at all step edges. Some marked differences were observed 
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with larger turbulent levels on the pooled stepped spillway (400-600 %). The maximum turbulence 
intensities on the flat stepped spillway were about 120 to 200% independently of the longitudinal 
location. 
 
Fig. 3-19 - Comparison of turbulence intensity distributions on flat and pooled stepped spillways - 
Note the different scale of the y-axis in Figures 3-19A and 3-19B 
(A) dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
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(B) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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Fig. 3-20 - Comparison of the relationship between turbulence intensity and bubble count rates on 
flat and pooled stepped spillways; dc/h = 1.7-3.55, all measured step edges downstream of the 
inception point; comparison with best-fit equation (FELDER and CHANSON 2011a) 
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Fig. 3-21 - Comparison of maxima turbulence intensities on flat and pooled stepped spillways for 
all step edges downstream of the inception point (LI-x)/dc - Flow conditions: dc/h = 1.35 - 3.55 
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The turbulence intensities on flat stepped spillway were in good agreement with previous studies on 
stepped spillways. On the other hand, the turbulence levels on the pooled stepped spillway were 
much larger and it is believed that this was linked with the presence of slow hydrodynamic 
fluctuations. 
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3.4 MICROSCOPIC AIR-WATER FLOW PROPERTIES 
The macroscopic basic air-water flow properties highlighted some distinctive differences between 
flat and pooled stepped spillways. In this section, a comparative analysis of microscopic air-water 
flow properties is presented including air bubble and water droplet chord sizes, bubble and droplet 
clustering and interparticle arrival time. The analyses were performed for the whole range of 
discharges in both transition and skimming flows, and the effects of the surface waves, the unsteady 
ejection and recirculation processes on the microscopic air-water flow properties were investigated. 
 
Air bubble and water droplet chord lengths 
The air bubble and water droplet chord sizes were analysed in the bubbly flow region (C < 0.3) and 
the spray region (C > 0.7) respectively. Some typical results are shown in Figure 3-22. Figure 3-
22A includes some typical probability distribution function of bubble chord length for both flat and 
pooled stepped spillways. The PDF results showed little differences and the data tended to follow a 
log-normal distribution previously observed in by CHANSON (1997b), CHANSON & TOOMBES 
(2002a), YASUDA & CHANSON (2003), and TAKAHASHI et al. (2006). Typical water droplet 
chord size data are shown in Figure 3-22B. The probability distribution functions of droplet size in 
the spray region were in agreement with a log-normal distribution for flat and pooled stepped 
spillways, as shown in previous studies. Overall the comparison of the air bubble and water droplet 
chord size distributions did not show any significant differences between chord characteristics on 
flat and pooled stepped spillways. 
 
Cluster analyses 
For all experiments on flat and pooled stepped spillway, some cluster analyses were performed 
based upon the near-wake criterion (CHANSON et al. 2006). The cluster analyses comprised a wide 
range of parameters including the percentage of bubbles/droplets in cluster, the average number of 
particles per cluster, the PDF of the number of particles per cluster, the number of clusters per 
second, the average clustered chord sizes, the ratio of average clustered chord size and average 
chord size and the ratio of lead particle size average clustered chord sizes. Some typical results in 
terms of cluster properties are presented in Figure 3-23 to 3-30 for both transition and skimming 
flows with flat and pooled stepped configurations. 
In Figure 3-23, some typical distributions of the percentage of particles in clusters are illustrated as 
a function of the void fraction. Overall the cluster properties for flat and pooled stepped spillways 
were in good agreement. Some small differences are visible for the larger flow rate (Fig. 3-23B) 
where a larger percentage of droplets in clusters was observed in the pooled stepped spillway flow. 
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Fig. 3-22 - Comparison of chord size probability distributions of flat and pooled stepped spillways 
(A) dc/h = 3.3, Q = 0.105 m3/s, Re = 8.34×105 - Air bubble chord length 
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(B) dc/h = 2.3, Q = 0.061 m3/s, Re = 4.85×105 - Water droplet chord length 
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Fig. 3-23 - Comparison of percentage of particles in cluster for flat and pooled stepped spillways 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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(B) dc/h = 3.55, Q = 0.117 m3/s, Re = 9.3×105 
% of bubbles/droplets in cluster [-]
C
 [-
]
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
step 17 - flat
step 18 - flat
step 19 - flat
step 20 - flat
step 21 - flat
step 14 - pooled (w = 5cm)
step 15 - pooled (w = 5cm)
step 16 - pooled (w = 5cm)
step 17 - pooled (w = 5cm)
step 18 - pooled (w = 5cm)
step 19 - pooled (w = 5cm)
step 20 - pooled (w = 5cm)
step 21 - pooled (w = 5cm)
 
Fig. 3-24 - Comparison of percentage of particles in cluster for flat and pooled stepped spillways 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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(B) dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
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More distinctive differences between the two configurations are visible in Figure 3-24, showing the 
average number of particles per cluster as a function of the void fraction. For all discharges, there 
seemed to be on average a smaller number of particles per cluster in both the spray and the bubbly 
flow region for the flat stepped spillway. The differences in number of particles per cluster was in 
the order of about 10% in a region with void fractions of 0.1 < C < 0.3 and 0.7 < C < 0.9. Please 
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note, that for the smaller flow rate (Fig. 3-24A), the differences between the two configurations 
were smaller in terms of number of droplets per cluster. 
A detailed analysis of the probability distribution of number of particles in clusters was performed 
and typical results are presented in Figure 3-25. Figures 3-25A an 3-25B show some typical PDFs 
of number of bubbles per cluster in the bubbly flow region (C < 0.3) and Figures 3-25C and 3-25D 
present the number of droplets per cluster in the spray region (C > 0.7). All data seemed in good 
agreement. It appeared however that there was a larger percentage of smaller particles on the flat 
stepped spillway. Figure 3-25 shows also that a larger number of particles per cluster was seen on 
the pooled stepped spillway: i.e., some clusters could comprise of up to 13 to 20 particles per 
cluster. The finding was consistent with the observations of larger average number of particles per 
cluster on pooled stepped spillway (Fig. 3-24). It is interesting to note, that the larger number of 
particles per cluster on the pooled stepped happened despite an overall smaller number of 
bubbles/droplets within the flow (refer to bubble count rate in Fig. 3-16 in section 3.3). 
A further cluster property is the number of clusters per seconds. Some typical distributions of 
dimensionless number of clusters per seconds are illustrated in Figure 3-26. The data are presented 
as functions of the void fraction in Figure 3-26A and as functions of the dimensionless distance 
from the step edge and weir edge respectively y/h in Figure 3-26B. Some marked differences were 
visible between flat and pooled stepped spillways. The number of clusters per second on the flat 
stepped spillway was about twice as large as the number of clusters per unit time on the pooled 
stepped spillway. 
The number of clusters per second is also illustrated for all experimental runs in the present study as 
a function of the dimensionless bubble count rate in Figure 3-27. Figure 3-27 shows the 
dimensionless relationship between the number of clusters and bubble count rate in the bubbly flow 
region (Fig. 3-27A) and in the spray region (Fig. 3-27B). For all data sets, a linear relationship 
between number of clusters per second and bubble count rate was observed, even though some 
small differences between flat and pooled stepped spillways were visible in the bubbly flow region 
(Fig. 3-27A). 
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Fig. 3-25 - Comparison of percentage of particles in cluster for flat and pooled stepped spillways 
(A) dc/h = 2.0, Q = 0.0495 m3/s, Re = 3.93×105 
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(B) dc/h = 3.55, Q = 0.117 m3/s, Re = 9.3×105 
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(C) dc/h = 1.35, Q = 0.0275 m3/s, Re = 2.18×105 
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(D) dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
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Fig. 3-26 - Comparison of the number of clusters per second in flat and pooled stepped spillways 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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(B) dc/h = 3.55, Q = 0.117 m3/s, Re = 9.3×105 
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Fig. 3-27 - Comparison of the number of clusters per second in flat and pooled stepped spillways 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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Some further cluster properties are illustrated in Figures 3-28 to 3-30 in terms of the particle sizes 
within clusters. Figure 3-28 shows typical results in terms of the average clustered chord sizes, i.e. 
the average particle chord sizes of particles within a cluster. The results are presented as functions 
of C and y/h. The average clustered particle chord sizes on the pooled stepped spillway were about 
twice the size on flat stepped spillway. 
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The ratio of the average chord size of particles in a cluster to the average chord size of all particles 
showed much smaller differences (Fig. 3-29). Figure 3-29 shows the data as functions of C and y/h. 
On the pooled stepped spillway, some slightly larger ratio of average chord sizes in clusters to 
average chord sizes was seen. A similar finding is also shown in Figure 3-30 where the ratio of the 
particle size of the leading particle to the average clustered chord size is presented as a function of 
C. There were little differences for the two configurations with just some larger ratio for the smaller 
flow rate and the pooled stepped spillway. 
 
Interparticle arrival times 
A further comparative analysis was undertaken in terms of the interparticle arrival time. For both 
configurations, the air bubbles and the water droplets were split into five groups of bubble/droplet 
chords. For each group, an interparticle arrival time probability analysis was performed and the data 
were compared with the Poisson distribution. Any deviation from the Poisson distribution indicated 
some non-random distributions of particles, hence some particle clustering. A comparison between 
flat and pooled stepped spillway results was performed for the same discharge, at the same step 
edge and for a comparable void fraction. The comparative results are illustrated in Figures 3-31 and 
3-32 for the interparticle arrival time of air bubbles and water droplets respectively. For each 
particle chord size group, the results regroup the comparative analysis for several discharges. 
 
Fig. 3-28 - Comparison of average clustered chord sizes in flat and pooled stepped spillways 
(A) dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
average_clustered_chord_size/dc [-]
C
 [-
]
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
0
0.2
0.4
0.6
0.8
1
step 16 - flat
step 17 - flat
step 18 - flat
step 19 - flat
step 20 - flat
step 21 - flat
step 14 - pooled (w = 5cm)
step 15 - pooled (w = 5cm)
step 16 - pooled (w = 5cm)
step 17 - pooled (w = 5cm)
step 18 - pooled (w = 5cm)
step 19 - pooled (w = 5cm)
step 20 - pooled (w = 5cm)
step 21 - pooled (w = 5cm)
(B) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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Fig. 3-29 - Comparison of ratio of average clustered chord sizes to average chord sizes for flat and 
pooled stepped spillways 
(A) dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105 
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(B) dc/h = 3.55, Q = 0.0117 m3/s, Re = 9.3×105 
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Fig. 3-30 - Comparison of ratio of lead particle size to average clustered chord sizes in flat and 
pooled stepped spillways 
(A) dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
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(B) dc/h = 3.55, Q = 0.117 m3/s, Re = 9.3×105 
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Fig. 3-31 - Comparison of interparticle arrival times of air bubbles in flat and pooled stepped 
spillways; Step edge 21 for all figures 
(A) dc/h = 2.0, Q = 49.5 l/s, Re = 3.93×105 
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(B) dc/h = 3.55, Q = 117.0 l/s, Re = 9.3×105 
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(C) dc/h = 1.35, Q = 27.5 l/s, Re = 2.18×105 
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(D) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105 
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(E) dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105 
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(F) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105 
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(G) dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105 
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(H) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105 
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(I) dc/h = 2.0, Q = 49.5 l/s, Re = 3.93×105 
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(J) dc/h = 3.55, Q = 117.0 l/s, Re = 9.3×105 
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Overall the interparticle arrival time analyses showed small differences between flat and pooled 
stepped spillway data for all discharges. For all experiments, some differences between data and 
Poisson distributions were observed for the smallest interparticle arrival times, typically the 
smallest particles. A comparison between Figures 3-31 and 3-32 suggests some differences in terms 
of interparticle arrival times between flat and pooled stepped spillways. The deviations from the 
Poisson distributions appeared to be larger on pooled stepped spillways, compared to the results on 
flat stepped spillways. On flat stepped spillways, some deviations were seen for interparticle arrival 
time smaller 2 to 3 ms. For the pooled stepped spillway, the deviations were observed for 
interparticle arrival times smaller 10 ms. The results might indicate a more likely clustering process 
on pooled stepped spillways. 
 
Fig. 3-32 - Comparison of interparticle arrival times of water droplets in flat and pooled stepped 
spillways; Step edge 21 for all figures 
(A) dc/h = 2.0, Q = 49.5 l/s, Re = 3.93×105 
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(B) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105 
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Fig. 3-32 - Comparison of interparticle arrival times of water droplets in flat and pooled stepped 
spillways; Step edge 21 for all figures 
(C) dc/h = 2.0, Q = 49.5 l/s, Re = 3.93×105 
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(D) dc/h = 3.55, Q = 117.0 l/s, Re = 9.3×105 
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(E) dc/h = 2.0, Q = 49.5 l/s, Re = 3.93×105 
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(F) dc/h = 3.55, Q = 117.0 l/s, Re = 9.3×105 
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(G) dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105 
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(H) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105 
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(I) dc/h = 1.35, Q = 27.5 l/s, Re = 2.18×105 
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(J) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105 
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3.5 SUMMARY 
The comparison of air-water flow pattern and properties on flat and pooled stepped spillways 
showed some similarities in terms of the location of inception point of air-entrainment, as well as 
air concentration, dimensionless velocity and chord size distributions. The air-water flow pattern 
was fairly similar for both configurations in the skimming flow regime, with strong recirculation 
motion in the step cavities and a main flow skimming above the pseudo bottom formed by the step 
edges. However, the pooled stepped spillway flow exhibited some strong jump waves in the 
transition flow regime. These waves comprised some strong instabilities in the recirculation 
processes and irregular cavity ejection processes. The instabilities were still seen for the larger flow 
rates on pooled stepped spillway in the skimming flow regime. 
It is believed that the flow instabilities were a main cause for some differences in air-water flow 
properties on stepped spillways, in terms of bubble count rate, auto- and cross-correlation time 
scales, turbulence intensities and the particle grouping. The pooled step weirs acted as roughness 
elements, which induced some instabilities and flow instationarities. It is believed that these 
instationarities caused some strong turbulence levels. A suitable turbulence decomposition 
technique might allow the identification of the true contributions of these instabilities in terms of 
turbulence levels. 
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4. TRIPLE DECOMPOSITION APPROACH IN AIR-WATER FLOWS ON A 
POOLED STEPPED SPILLWAY - PART 2: RESULTS OF THE TRIPLE 
DECOMPOSITION 
4.1 INTRODUCTION 
On the pooled stepped spillway, some strong instabilities were observed for flow rates between dc/h 
= 1.08 and 1.76 in the transition flow regime. In skimming flows (dc/h = 1.76-3.55), some 
instabilities were also visible. The analyses of the experimental data showed some characteristic air-
water flow properties close to previous experimental findings in skimming and transition flows on 
stepped spillways. Some significant differences were notable on the other hand in terms of the auto- 
and cross-correlation time scales and in terms of turbulence levels. The auto- and cross-correlation 
time scales were about 5 to 7 times larger on the pooled stepped spillway. Furthermore, the 
turbulence intensities on pooled stepped spillway showed values up to 400-600% compared to 
turbulence levels of up to 150-200% on flat stepped spillways. The level of turbulence seemed 
abnormally large compared to flat stepped spillway results and this section will present the results 
of the triple decomposition approach of raw probe signals. It is the aim of this section to identify the 
turbulence contributions of slow fluctuations and high-frequency turbulent fluctuations on a pooled 
stepped spillway. 
 
4.2 AIR-WATER FLOW PROPERTIES OF DECOMPOSED RAW SIGNAL COMPONENTS 
For all experimental data collected on the pooled stepped spillway, the triple decomposition was 
applied to the raw probe signal as discussed in section 2.4. The cut-off frequencies of 0.33 and 10 
Hz were used (section 2.4). In this section, the results of the triple decomposition technique are 
presented in terms of the auto- and cross-correlation functions, the maximum cross-correlation 
distributions, the auto- and cross-correlation integral time scales, the interfacial velocities V and the 
turbulence intensities Tu. The results are presented for the raw signal, for the band pass filtered 
signal, i.e. the slow fluctuating signal component, for the high pass filtered signal, i.e. the fast 
fluctuating signal component, and for the calculations based upon the sum of slow and fast 
fluctuating signal correlations. In the following paragraphs, the notation reflects the decomposition: 
for example, with V the time-averaged interfacial velocity calculated from the raw signal, V' the 
slow fluctuating component of the velocity calculated from the band-pass filtered signal, V" the fast 
fluctuating velocity component computer from the high-pass filtered signal, and V(1) the velocity 
calculated from the weighted sum of correlation functions of band and high pass filtered signal 
components (Eq. (2-17) & (2-19)). 
The data for the low pass filtered signal or the mean signal component are not contributing to the 
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decomposed air-water flow properties linked with the correlation analyses as shown in section 2.4 
and Appendix A. Table 4-1 summarises the parameters investigated in this section. 
 
Table 4-1 - Summary of the investigated parameters in the decomposition of the pooled stepped 
spillway experiments 
 
Signal components Parameter 
Raw 
data 
Band pass 
filtered signal 
data 
(0.33-10 Hz) 
High pass 
filtered signal 
data 
(10-10000 Hz) 
Data calculated based upon 
weighted sum of correlation 
functions of band and high 
pass filtered signal 
components 
(1) (2) (3) (4) (5) 
Auto-correlation function [-] Rxx Rxx'= α × Rx'x' Rxx''= β × Rx''x'' Rxx(1)= α × Rx'x' + β × Rx''x'' 
Cross-correlation function [-] Rxy Rxy'= A × Rx'y' Rxy''= B × Rx''y'' Rxy(1)= A × Rx'y' + B × Rx''y'' 
Maximum cross-correlation [-] (Rxy)max (Rxy)'max (Rxy)''max (Rxy)(1)max 
Cross-correlation time scales [s] Txy Txy' Txy'' Txy(1) 
Auto-correlation time scales [s] Txx Txx' Txx'' Txx(1) 
Interfacial velocity [m/s] V V' V'' V(1) 
Turbulence intensity [-] Tu Tu' Tu'' Tu(1) 
 
Note: Further details about each parameter in section 2.4. 
 
Auto- and cross-correlation functions 
The auto- and cross-correlation functions for the raw signal and the decomposed signal components 
were calculated based upon the theoretical derivation in section 2.4 (also App. A). The correlation 
calculations were conducted for 4,000 time steps (i.e. time lag 0 <  < 0.2 s) which appeared an 
optimum in terms of data quality and calculation time. In Figure 4-1 some typical auto-correlation 
functions are illustrated for one location in a skimming flow. Figure 4-1 includes the auto-
correlation functions of the raw data, of the band pass filtered signal, of the high pass filtered signal 
and of the summation of the correlation functions of band and high pass filtered signals. The shapes 
of the raw signal auto-correlation function were in agreement with results from previous stepped 
spillway studies (CAROSI and CHANSON 2006), but the time lag for the first crossing was 
relatively longer. This shape led to larger auto-correlation time scales (section 3, Fig. 3-18). The 
shapes of the auto-correlation function for the band pass filtered signal showed a different shape 
with a plateau of largest auto-correlation values. The shape for the high pass filtered component was 
very steep and showed an earlier first crossing. The summation of auto-correlation functions of 
band and high pass filtered components was close to the auto-correlation function of the raw signal, 
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although the curve was consistently lower and crossed the x-axis earlier. This might be linked with 
the earlier crossing of the x-axis by the high pass filtered signal and as well as some assumptions in 
the theoretical derivation (Appendix A). Similar results are shown in Figure 4-2 in terms of the 
cross-correlation functions. The results were close to the auto-correlation function findings. 
 
Fig. 4-1 - Auto-correlation functions for the raw signal and the filtered signal components on pooled 
stepped spillway - Flow conditions: dc/h = 3.0, Q = 0.0909 m3/s, Re = 7.23×105, Step edge 21, y = 
86 mm, C = 0.318, F = 64.0 Hz 
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Fig. 4-2 - Cross-correlation functions for the raw signal and the filtered signal components on 
pooled stepped spillway - Flow conditions: dc/h = 3.0, Q = 0.0909  m3/s, Re = 7.23×105, Step edge 
20, y = 102 mm, C = 0.715, F = 55.9 Hz 
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All auto- and cross-correlation data showed typical shapes for all experiments in the present study. 
Some further correlation functions are presented in Appendix B. 
 
Maximum cross-correlation coefficient 
The cross-correlation functions for the double-tip probe raw signals and its decomposed 
components showed some characteristic shapes as shown above (Fig. 4-2). The maximum cross-
correlation coefficients were calculated at each location and some typical results are shown in 
Figure 4-3 as a function of the distance y measured above the pseudo-bottom formed by the step 
edges for one flow rate. The graphs of raw signal, band pass filtered component and for the sum of 
the correlation functions of band and high passed filtered signals exhibited similar shapes with the 
largest values in the intermediate flow region (0.3 < C < 0.7). While the distribution shapes were in 
agreement with previous studies (CAROSI & CHANSON 2006), some differences were seen in 
terms of magnitude for the band pass filtered component, with lower maximum values (Rxy)'max ≈ 
0.5. In the spray region the maximum cross-correlation values (Rxy)'max tended to very small values. 
For the high pass filtered data, the distributions of (Rxy)''max showed a different shape with a local 
maximum for void fractions of about 1-5%, a local minimum in the intermediate flow region and an 
increasing size of (Rxy)''max values in the spray region. 
 
Cross-correlation time scales 
The cross-correlation integral time scales were calculated for the raw signal and the decomposed 
signals. Typical results are shown in Figures 4-4 and 4-5. The distribution shapes for the raw signal, 
the band pass filtered signal and the sum of the correlation functions of high and band pass filtered 
components were in good agreement and similar to previous studies (CAROSI & CHANSON 2006; 
FELDER & CHANSON 2009b). The largest integral time scale values were seen in the 
intermediate flow region, with Txz tending towards zero in the bubbly flow region and smaller 
values of Txz in the spray region. The time scale magnitudes were close as illustrated in Figure 4-5 
with the largest values for the raw signal data. A different cross-correlation time scale shape was 
observed for the high pass filtered signal component. Txy'' tended to increase linearly with 
increasing distance from the pooled step edge. A further difference was the different order of 
magnitude for the high pass filtered data. The cross-correlation time scale results were comparable 
to the cross-correlation function data (Fig. 4-2). In Figure 4-5, the sum Txy'+Txy" of the cross-
correlation time scales of the band pass and high pass filtered signals is also presented for 
completeness. The data agreed very well with the raw signal data and it highlighted the linearity of 
the decomposition process for the cross-correlation time scales.  
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Fig. 4-3 - Maximum cross-correlation coefficient distributions for the raw signal and the filtered 
signal components on the pooled stepped spillway - Flow conditions: dc/h = 2.3, Q = 0.061 m3/s, Re 
= 4.85×105 
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(C) High pass filtered signal component (10 - 
10000 Hz) 
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Fig. 4-4 - Cross-correlation time scale distributions for the raw signal and the filtered signal 
components on the pooled stepped spillway - Flow conditions: dc/h = 3.3, Q = 0.1049 m3/s, Re = 
8.34×105 
(A) Raw signal 
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Fig. 4-5 - Cross-correlation time scale distributions for the raw signal and the filtered signal 
components on the pooled stepped spillway - Flow conditions: dc/h = 2.0, Q = 0.0495 m3/s, Re = 
3.93×105, Step edge 21 
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Auto-correlation time scales 
The auto-correlation integral time scale data showed similarly a difference in order of magnitude 
between the high pass filtered signal data Txx'' and the other components (Fig. 4-6 and 4-7). The 
auto-correlation time scale of the high pass filtered component was about one order of magnitude 
smaller compared to those of the other components. The trend indicated an increase in Txx" with 
increasing void fraction. The auto-correlation time scales of the raw signal, the band pass filtered 
signal component and of the sum Txx'+Txx" were close, with maximum time scales in the 
intermediate flow region and smaller values in the lower bubbly and upper spray regions. The 
values of the auto-correlation time scales for these components were almost identical to the raw 
signal data. The sum Txx'+Txx" of the high pass and band pass filtered data was also close to the raw 
signal data (Fig. 4-7). 
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Fig. 4-6 - Auto-correlation time scale distributions for the raw signal and the filtered signal 
components on the pooled stepped spillway - Flow conditions: dc/h = 2.66, Q = 0.0759 m3/s, Re = 
6.03×105 
(A) Raw signal 
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(C) High pass filtered signal component (10 - 
10000 Hz) 
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Fig. 4-7 - Auto-correlation time scale distributions for the raw signal and the filtered signal 
components on the pooled stepped spillway - Flow conditions: dc/h = 1.7, Q = 0.039 m3/s, Re = 
3.1×105, Step edge 20 
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Interfacial velocity  
Typical results in terms of the time-averaged local interfacial velocity are illustrated in Figures 4-8 
and 4-9, including the raw signal analysis and the decomposed components. The results of the raw 
signal, the fast fluctuating component and of the sum of the correlation of band pass and high pass 
filtered signal components were basically identical, and the velocity profiles were similar to 
previous studies on pooled stepped spillways (KOKPINAR 2004, THORWARTH 2008). The 
results were however different in terms of the slow fluctuating velocity components. The 
distributions of the slow fluctuating velocity component V' exhibited some scatter in the bubbly and 
spray regions (Fig. 4-8B & 4-9). In the intermediate flow region, the velocity data were smaller 
compared to the raw signal analysis by about 10-15%. The differences in velocities for the band 
pass filtered signal component might be linked with the cut-off frequency selection. The lower cut-
off frequency of 0.33Hz yielded a time scale (3 s) which was 2 to 3 orders of magnitude larger than 
the average interfacial travel time T between the probe sensors (Eq. (2-3)), and the upper cut-off 
frequency of 10Hz corresponded to a time scale of 0.1 s corresponding to an average interfacial 
velocity of 0.5 m/s smaller than the typical interfacial velocity (2-3 m/s in Fig. 4-8). As such, the 
estimate of V' might have been adversely affected. 
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Fig. 4-8 - Interfacial velocity distributions for the raw signal and the filtered signal components on 
the pooled stepped spillway - Flow conditions: dc/h = 3.55, Q = 0.1171 m3/s, Re = 9.3×105 
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(B) Band pass filtered signal component (0.33 - 
10 Hz) 
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10000 Hz) 
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Fig. 4-9 - Time-averaged interfacial velocity distribution for the raw signal and the filtered signal 
components on the pooled stepped spillway - Flow conditions: dc/h = 2.3, Q = 0.061 m3/s, Re = 
4.85×105, Step edge 19 
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Turbulence intensity 
Typical results of the signal's triple decomposition technique are presented in Figures 4-10 to 4-12 
in terms of the turbulence intensity Tu. The fast fluctuating turbulence intensity data Tu" had a 
shape close to that of the raw signal data Tu, with maxima in terms of turbulence intensity in the 
intermediate flow region. However the fast fluctuating turbulence levels were smaller with 
maximum valued of about 120%, compared to 600% for the raw signal data. Some scatter of slow 
fluctuating turbulence data was observed with values between 50% and 600%, the majority of the 
data being within the range of 150% to 300%. The turbulence intensities calculated based upon the 
weighted sum of the correlation functions of band pass and high pass filtered signal components 
were almost identical to the raw signal results. Furthermore the sum (Tu'+Tu") of the band pass and 
the high pass filtered turbulence levels were close to the raw signal data for most positions as 
illustrated in Figure 4-11. Simply the present data suggested consistently that: 
 Tu  Tu(1)  Tu' + Tu" (4-1) 
Although no theoretical validation of the triple decomposition of the turbulence intensities (Eq. (4-
1)) was obtained, the experimental results showed that the triple decomposition technique yielded 
an accurate identification of the respective turbulence contributions of the slow and fast fluctuating 
velocity components. On the pooled stepped spillway, the physical data suggested that a large 
proportion of the turbulent kinetic energy was encompassed in the slow velocity motion and that: 
 Tu" << Tu' (4-2) 
as illustrated in Figure 4-12. On average the data yielded Tu"/Tu' = 0.56 on the stepped spillway. 
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Fig. 4-10 – Turbulence intensity distributions for the raw signal and the filtered signal components 
on the pooled stepped spillway - Flow conditions: dc/h = 1.7, Q = 0.039 m3/s, Re = 3.1×105 
(A) Raw signal 
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(B) Band pass filtered signal component (0.33 - 
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(C) High pass filtered signal component (10 - 
10000 Hz) 
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Fig. 4-11 - Turbulence intensity distributions for the raw signal and the filtered signal components 
on the pooled stepped spillway - Flow conditions: dc/h = 2.66, Q = 0.0759 m3/s, Re = 6.03×105, Step 
edge 19 
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Fig. 4-12 - Comparison of the turbulence intensity (Tu) calculated based upon the raw probe signal 
to the turbulence levels (Tu', Tu") calculated based upon the band- and high-pass filtered signals 
respectively on pooled stepped spillway 
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5. TRIPLE DECOMPOSITION APPROACH IN AIR-WATER FLOWS IN A 
HYDRAULIC JUMP 
5.1 EXPERIMENTAL PROGRAM 
Another application of the triple decomposition approach was tested in the pseudo-periodic air-
water flow of a hydraulic jump (Fig. 5-1). Experiments were conducted in a 0.5 m wide open 
channel with two different experimental flow conditions (Table 5-1). The basic differences between 
the two runs were the Reynolds number and sampling duration. Some details about the 
experimental apparatus can be found in section 2.1.2 and in ZHANG et al. (2012). 
 
Table 5-1 - Summary of experimental configurations for the hydraulic jump experiments 
 
Run Q 
[m3/s] 
d1 
[m] 
x1 
[m] 
x - x1 
[m] 
V1 
[m/s] 
Fr1 
[-] 
Re1 
[-] 
Sampling 
frequency
Sampling 
duration 
Reference 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
1 0.033 0.020 0.83 0.25 3.32 7.5 6.6×104 20 kHz 45 s ZHANG et al. (2012)
2 0.041 0.024 1 0.3 3.44 7.1 8.2×104 20 kHz 300 s Present study. 
 
Notes: d1: inflow depth; Fr1: inflow Froude number; Re1: hydraulic jump Reynolds number: 
Re1=w×V1×d1/w;V1: inflow velocity; x1: jump toe location,  
 
5.2 AIR-WATER FLOW PATTERN IN THE HYDRAULIC JUMP 
Visual observations of the hydraulic jump flow highlighted the air-entrainment at the jump toe and 
the highly turbulent three-dimensional processes in the jump roller (Fig. 5-1). Some strong 
longitudinal fluctuations of the hydraulic jump roller were observed. The jump toe was constantly 
moving around a mean position x1 in the horizontal direction with a frequency close to 1 Hz. Some 
free-surface fluctuations were also seen with frequencies of about 1 Hz. The observations were 
consistent with previous studies (LONG et al. 1991; CHACHEREAU & CHANSON 2011b). The 
jump toe and free-surface fluctuations had some effects on the air-entrainment process in the shear 
layer at the jump toe and the roller movements within the hydraulic jump. 
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Fig. 5-1 - Air-water flow in hydraulic jump - Run 1, Fr1 = 7.5, Re = 6.6×104 (high shutter speed 
photographs) 
(A) Side view with flow from right to left 
  
 
(B) Looking downstream at the jump toe - Flow direction from foreground to background 
  
 
5.3 BASIC AIR-WATER FLOW PROPERTIES IN THE HYDRAULIC JUMP 
The basic air-water flow properties were calculated including the void fraction, the bubble count 
rate, the interfacial velocity and the turbulence levels. The distributions of void fraction, bubble 
count rate and interfacial velocity are illustrated in Figure 5-2 in dimensionless terms as functions 
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of y/d1 where d1 is the inflow depth. All these air-water flow properties were calculated based upon 
the raw probe signal. Overall the air-water flow property distributions were in agreement with 
earlier results reported in previous studies (CHANSON & BRATTBERG 2000; MURZYN et al. 
2007; CHANSON 2007; CHACHEREAU & CHANSON 2011a). The void fraction and bubble 
count rate distributions highlighted two distinctive flow regions. These were the air-water shear 
layer and the upper free-surface region. The developing shear layer was characterised by some 
strong interactions between entrained air and turbulent structures, associated with a local maximum 
in void fraction Cmax and a marked maximum in bubble count rate Fmax. In the upper free-surface 
region above, the void fraction increased monotically with increasing distance from the invert 
towards C = 1 (air). The interfacial velocity data showed some self-similar profile close to wall jet 
results. That is, a flow region very close to the bed with a boundary-layer like distribution in which 
the velocity increases from zero up to a maximum velocity Vmax, and an upper flow region with 
decreasing velocity with increasing vertical distance. Typical air-water flow data are illustrated in 
Figure 5-2. Note that, in Figure 5-2, the negative velocities are not shown. 
 
Fig. 5-2 - Basic air-water flow properties (void fraction, bubble count rate, interfacial velocity) in 
hydraulic jumps 
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Another characteristic property was the turbulence intensity Tu shown in Figure 5-3. The present 
observations were in agreement with turbulence intensity distributions in previous studies 
(CHANSON 2010; CHACHEREAU & CHANSON 2011a). In the turbulent shear layer, the 
turbulence levels increased with increasing distance from the channel invert. The maximum 
turbulence levels reached very large values of up to 500% to 900%. It was believed that the high 
turbulence intensities were linked with the instationary motion of the hydraulic jump roller and that 
the data were affected by the slow pseudo-periodic motions within the hydraulic jump. In Figure 5-
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3, note that the turbulence intensity data were calculated with both positive and negative velocity 
data although the metrology technique is questionable. A different symbol was used for clarity with 
blue square symbols for the negative velocity turbulence intensity data (Fig. 5-3). 
 
Fig. 5-3 - Turbulence levels in hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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5.4 TRIPLE DECOMPOSITION APPROACH 
5.4.1 Presentation 
The large turbulence level data suggested that the turbulent velocity fluctuations encompassed 
different turbulent time-scales, as suggested by visual observations of jump toe and free surface 
fluctuations. The triple decomposition approach was applied to split the raw signal into the 
components representing the mean velocities, the slow fluctuating velocity component and the fast 
fluctuating velocity component. As shown in section 2.4 and Appendix A, the contribution of the 
low pass filtered signal component might not have any contribution to the air-water flow properties 
associated with the auto- and cross-correlation analyses. 
 
5.4.2 Characteristic frequencies in hydraulic jump flows 
Visual observations of jump toe and free surface fluctuations indicated some characteristic 
frequencies of about 1 Hz. These frequencies were consistent with a number of earlier findings 
(CHACHEREAU & CHANSON 2011b; ZHANG et al. 2012). A fast Fourier transform (FFT) 
analysis of the square wave raw signal of the probe leading tip was conducted and some 
characteristic frequencies were found in all raw data sets (Fig. 5-4). Figure 5-4 shows some typical 
power spectrum density functions of the raw signals. The results highlighted some characteristic 
peaks in power density function for frequencies of about 0.7 to 1.2 Hz. Please note, that the 
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characteristic frequencies were present for both runs and that the finding was independent of the 
sampling duration (Table 5-1). Basically the FFT analyses confirmed the existence of characteristic 
frequencies in the range of about 1 Hz, suggesting that the triple decomposition technique may be 
suitable. 
 
Fig. 5-4 - Spectral analysis of the fluctuations of square wave raw Voltage signal of the leading tip 
of a double-tip conductivity probe in hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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(B) Fr1 = 7.1, Re1 = 8.2×104, sampl. time 300 s 
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For the present data, the raw signal was split into 0.1 s intervals, corresponding to a smoothing with 
a frequency of 10 Hz which was about one magnitude larger than the slow fluctuation frequency of 
about 1 Hz. The interval selection was small to remain unaffected by the large scale velocity 
fluctuations (1 Hz) while it allowed a sufficiently large data size for the cross-correlation analyse. 
For each 0.1 s long interval, the interfacial velocity was calculated using the cross-correlation 
technique (section 2.2). Erroneous interfacial velocities were removed: i.e, negative velocities or 
velocities exceeding 5 m/s (8). A typical velocity signal is shown in Figure 5-5 for a 300 s long data 
set. A FFT analysis of the resulting velocity data set was performed and the results are shown in 
Figure 5-6. Figure 5-6 includes some typical power spectrum density functions for both runs (Table 
                                                 
8 corresponding to more than three times the median velocity. 
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5-1). While it was difficult to identify clearly an unique peak in frequencies, a range of troughs and 
peaks were observed for frequencies between 0.1 to 1 Hz. The same approach was tested for 0.2 s 
interval data sets, and no clear peak in frequency was found also. 
 
Fig. 5-5 - Interfacial velocity signal of a double-tip conductivity probe (0.1 s intervals) in a 
hydraulic jump - Flow conditions: Fr1 = 7.1, Re1 = 8.2×104, y = 0.051 m, C = 0.30, F = 137.6 Hz, 
sampling time 300 s 
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Fig. 5-6 - Spectral analysis of the fluctuations of the interfacial velocity signal of a double-tip 
conductivity probe (0.1 s intervals) in a hydraulic jump; smoothed signal in red 
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(B) Fr1 = 7.1, Re1 = 8.2×104, sampl. time 300 s 
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5.4.3 Decomposition of raw signal 
The raw signal was decomposed in three components with cut-off frequencies of 0.33 Hz (cutoff 
period of 3 s) for the lower cut-off frequency and 10 Hz (cutoff period of 0.1 s) for the upper cut-
off. Although the identification of the cut-off frequencies was not quite definite as illustrated in 
Figures 5-4 and 5-6, the dominant frequency of about 1 Hz was clearly identified. The selection cut-
off frequencies appeared adequate to separate the slow fluctuating component from the mean and 
the fast fluctuating components respectively. 
The low pass (0-0.33 Hz), band pass (0.33-10 Hz) and high pass (10-10000 Hz) filtering was 
performed for both leading and trailing tip signals for all data sets (Table 5-1). Some typical filtered 
signals together with the raw signal are illustrated in Figure 5-7. Please note the different horizontal 
axis scaling for the mean signal component, i.e. for the low pass filtered raw signal component (Fig. 
5-7D). For all decomposed signals, some 3 s probe signals were removed at both ends to avoid any 
bias induced by the filtering. That is, the decomposed signals had durations of 39 s and 294 s for 
Runs 1 and 2 respectively. For the band pass and high pass filtered probe signals, both auto- and 
cross-correlation analyses were performed with three non-overlapping intervals and the correlation 
results were averaged. The correlation functions were calculated for time lags between 0 and 0.2 s 
(4,000 correlation steps). Some typical correlation functions are illustrated in Figures 5-8 and 5-9. 
All correlation signals exhibited some smooth distributions, although some differences in shape and 
in location of first crossing were observed. The weighted sum of the correlations functions of band 
pass and high pass filtered signals was calculated, yielding the functions Rxx(1) and Rxy(1) also shown 
in Figures 5-8 and 5-9 respectively. Both Rxx(1) and Rxy(1) were in agreement with the respective raw 
signal correlation functions, but the raw signal functions were consistently slightly larger and the 
first crossing time lag was slightly larger. Note that the results presented in Figures 5-8 and 5-9 
were in close agreement with the findings for the pooled stepped spillway experiments (see sections 
2-4, 4 and Appendices A & B). They tended to confirm the validity of the triple decomposition 
technique for the hydraulic jump experiments. 
It is important to note that the correlation analysis of the low pass filtered signal component was not 
performed because it had no effect on the air-water flow properties linked with correlation analyses 
as shown in section 2.4. 
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Fig. 5-7 - Raw and filtered signals of the leading tip of a double tip conductivity probe in a 
hydraulic jump for Fr1 = 7.1, Re1 = 8.2×104, y = 0.045 m, C =0.231, F = 155.9 Hz, V = 2.22 m/s; 
sampling time 300 s - Note the different (longer) horizontal scale for the low pass filtered signal in 
Figure 5-7D 
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(B) High pass filtered raw signal (10 - 10000 Hz) 
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(C) Band pass filtered raw signal (0.33 - 10 Hz) 
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Fig. 5-7 - Raw and filtered signals of the leading tip of a double tip conductivity probe in a 
hydraulic jump for Fr1 = 7.1, Re1 = 8.2×104, y = 0.045 m, C =0.231, F = 155.9 Hz, V = 2.22 m/s; 
sampling time 300 s - Note the different (longer) horizontal scale for the low pass filtered signal in 
Figure 5-7D 
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Fig. 5-8 - Auto-correlation functions for raw signal and filtered raw signal components in a 
hydraulic jump - Flow conditions: Fr1 = 7.5, Re1 = 6.6×104, y = 0.068, C = 0.13, F = 32.6 Hz, Tu = 
9.2, sampling duration 45 s 
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Fig. 5-9 - Cross-correlation functions for raw signal and filtered raw signal components in a 
hydraulic jump - Flow conditions: Fr1 = 7.5, Re1 = 6.6×104, y = 0.056 m, C = 0.16, F = 57.1 Hz, Tu 
= 2.8, sampling duration 45 s 
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5.4.4 Air-water flow properties of decomposed raw signal components 
An analysis of the effect of the triple decomposition on the void fraction and bubble count rate 
outputs was performed at a number of selected locations. Table 5-2 summarises the findings in 
terms of void fraction C and bubble count rate F. The air-water flow properties were calculated 
based upon a linear interpolation of the instantaneous void fraction raw signals (0 ≤ c ≤ 1). Note 
that the bubble frequency of the high pass filtered component was based upon a slope analysis of 
the derivative of the signal. The void fraction data for raw and band pass filtered signals were in 
good agreement ( C~  ≈ C). The high and band pass filtered signal components yielded: C'' ≈ C' ≈ 0. 
The high pass filtered component of the bubble count rate F'' was nearly identical to that deduced 
from the raw signal analysis F: F"  F. For the band pass filtered component, a low bubble count 
rate was detected (F' << F) while the low pass filtered signal component was small F~  << F. The 
findings confirmed the theoretical derivation of the triple decomposition technique (section 2.4, 
Appendix A) and they were in good agreement with the findings of decomposed void fraction and 
bubble count rate properties on pooled stepped spillways (Appendix B). 
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Table 5-2 - Comparison of void fraction and bubble count rates for raw signal and filtered 
components in a hydraulic jump - Fr1 = 7.5, Re1 = 6.6×104, x-x1 = 0.25 m, sampling duration 45 s 
(Run 1) 
 
Elevation y [mm] C [-] C~  [-] C' [-] C'' [-] F [Hz] F~  [Hz] F' [Hz] F'' [Hz] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
32 0.110 0.111 0 0 98.84 0.28 7.46 98.90 
56 0.159 0.163 0.001 0 64.22 0.26 5.97 64.74 
68 0.142 0.145 0 0 40.11 0.26 5.00 40.97 
 
The maximum cross-correlation values, auto- and cross-correlation time scales, interfacial velocity 
and turbulence levels were calculated for both experimental runs (Table 5-1). In the following 
figures, the results for Run 1 are shown on the left hand side and those for Run 2 on the right hand 
side. The data comprised the raw signal data, the band pass and high pass filtered signal 
components and the sum of the correlation functions of band pass and high pass filtered 
components (see definitions in Table 4-1). 
The distributions of maximum cross-correlation coefficient are shown in Figure 5-10 as function of 
the dimensionless distance from the channel bed y/d1. The data were in good agreement for both 
runs (Table 5-1). Figure 5-10 shows a good agreement between the raw signal data and the 
maximum cross-correlation values (Rxy)(1)max of the weighted sum of the correlation functions of 
band pass and high pass filtered components: (Rxy)(1)max  (Rxy)max. For each runs, the distributions 
showed some maximum cross-correlation coefficient values of up to 0.6 to 0.7 in the upper shear 
layer. The band pass filtered data (Rxy)'max yielded: (Rxy)'max  (Rxy)max  in the upper shear layer, but 
the maximum cross-correlation values decreased almost linearly to very small values close to the 
channel bed (Fig. 5-10). The high pass filtered data exhibited a very different shape with smaller 
cross-correlation coefficient maxima. In a region close to the channel invert, (Rxy)''max was about 0.2 
to 0.3 and it decreases down to 0.05 above. 
For both runs, the dimensionless auto- and cross-correlation time scale data are shown in Figures 5-
11 and 5-12 respectively as functions of the dimensionless distance from the bed y/d1. The profiles 
had relatively similar shape for the raw data, the band pass filtered component and the weighted 
sum of correlation functions of band pass and high pass filtered components. Further the sum of the 
auto- and cross-correlation time scales of the band pass and high pass filtered signals were in 
agreement with the raw signal data (Fig. 5-11 & 5-12). These time scale distributions showed an 
increase with increasing distance from the bed. Slightly larger time scales were obtained for the raw 
signal. The shape of the high pass filtered component was different with maxima in the region of 
the shear layer. The values of Txx'' and Txy'' were about one magnitude smaller compared to the 
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other auto- and cross-correlation time scale components. 
 
Fig. 5-10 - Maximum cross-correlation coefficient distributions for the raw signal and filtered signal 
components in hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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(B) Fr1 = 7.1, Re1 = 8.2×104, sampl. time 300 s 
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Fig. 5-11 - Auto-correlation time scale distributions for the raw signal and the filtered signal 
components in hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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(B) Fr1 = 7.1, Re1 = 8.2×104, sampl. time 300 s 
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Fig. 5-12 - Cross-correlation time scale distributions for the raw signal and the filtered signal 
components in hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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The interfacial velocity data are presented in Figure 5-13 in dimensionless terms as functions of 
y/d1. In Figure 5-13, only positive velocity data are shown. The negative velocity data are not 
shown for simplicity. The raw signal, the high pass filtered velocity data and the data calculated 
based upon the weighted sum of correlation functions of band pass and high pass filtered 
components were almost identical (V  V(1)  V") (9) and agreed with typical interfacial velocity 
data in hydraulic jumps (see also section 5.3, Fig. 5-2). The interfacial velocity distribution based 
upon the band pass filtered signal showed a similar shape, but with smaller velocity data close to the 
channel bed. It was believed, that the velocity calculations for the band pass filtered signal were 
affected by the cut-off time scales which were larger than the interfacial travel time. 
Figures 5-14 and 5-15 present some results in terms of the turbulence intensity Tu for both 
experimental runs. In the flow region of positive longitudinal velocities (Fig. 5-14, filled symbols), 
all results showed some increasing turbulence levels with increasing distance from the channel bed 
with maximum values in the shear layer region. In the upper region where negative velocities were 
observed, the turbulence intensities were slightly lower (Fig. 5-14, hollow symbols). Figure 5-14 
shows a close agreement in turbulence levels of the raw signal data Tu, the band pass filtered data 
Tu' and of the data set Tu(1) calculated based upon the weighted sum of correlation functions of 
band pass and high pass filtered components. The high pass filtered data Tu" showed some 
significantly smaller turbulence intensities with maxima of about 200% in the shear layer compared 
to values of 600-1200% for the other components. The sum (Tu'+Tu") of turbulence intensities of 
band pass and high pass filtered components is also shown to Fig. 5-14. The results showed a close 
agreement with the raw signal data (Fig. 5-14). 
Figure 5-15 shows comparison of the turbulence intensity Tu calculated based upon the raw probe 
signal to the turbulence levels calculated based upon the band- and high-pass filtered signals (Tu' & 
Tu" respectively) for both runs. The results showed that the contribution of fast turbulence 
fluctuations was less significant than the slow-fluctuation turbulence intensity, while the ratio 
Tu"/Tu' was 0.37 average. Henceforth the slow fluctuating turbulence played a substantial role in 
the total turbulence intensity levels. 
Overall the findings supported the validity of the decomposition approach in terms of the turbulence 
intensity. The larger turbulence levels for the band pass filtered signal component indicated a larger 
contribution of the slow velocity fluctuation to the overall turbulent kinetic energy. 
                                                 
9 In Figure 5-13, the V" data are mostly identical to and overlapped by the V(1) data. 
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Fig. 5-13 - Interfacial velocity distributions for the raw signal and the filtered signal components in 
hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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(B) Fr1 = 7.1, Re1 = 8.2×104, sampl. time 300 s 
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Fig. 5-14 - Turbulence intensity distributions for the raw signal and the filtered signal components 
in hydraulic jumps 
(A) Fr1 = 7.5, Re1 = 6.6×104, sampl. time 45 s 
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(B) Fr1 = 7.1, Re1 = 8.2×104, sampl. time 300 s 
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Fig. 5-15 - Comparison of the turbulence intensity (Tu) calculated based upon the raw probe signal 
to the turbulence levels (Tu', Tu") calculated based upon the band- and high-pass filtered signals 
respectively in hydraulic jumps 
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6. DISCUSSION 
6.1 PRESENTATION 
In the present study, the triple decomposition approach was applied to two types of instationary air-
water flows: that is, on a pooled stepped spillway and in a hydraulic jump. Both air-water flow 
situations were characterised by some flow instabilities inducing some pseudo-periodic flow 
motion. In each case, the turbulence level data were unrealistically large using a traditional 
approach based upon the raw probe signal correlation analyses. Herein a triple decomposition of the 
raw probe signal was introduced. The signal decomposition was based upon a linear decomposition 
into three components: mean signal, slow fluctuations and fast fluctuations. Based upon some 
theoretical derivation, the correlation analyses were conducted for the slow and fast fluctuating 
components, and some turbulence properties and correlation time scales were calculated. 
The triple decomposition was applied to the instationary air-water flows on the pooled stepped 
spillway and in the hydraulic jump. The true turbulence levels were calculated in terms of the fast 
fluctuating velocity component. The largest contribution to the turbulent kinetic energy was 
encompassed within the slow fluctuating component. The turbulence levels in terms of the fast 
fluctuating component were of the same magnitude as turbulence characteristics observed in steady, 
stationary air-water flows. 
 
6.2 FURTHER APPLICATIONS OF THE TRIPLE DECOMPOSITION APPROACH IN AIR-
WATER FLOWS 
The triple decomposition approach might also be applied to other flow situations with instationary 
air-water flow motion. Such a type of flows was observed on the stepped spillway equipped with a 
combination of flat and pooled steps (Configuration C, section 3). The triple decomposition 
technique was applied with cut-off frequencies of 0.33 and 10 Hz, and some typical results in terms 
of turbulence intensity are shown in Figure 6-1 for two successive step edges in the aerated flow 
region at the downstream end of the chute. Figure 6-1 highlights the large turbulence levels deduced 
from the raw signal analyses as well as from the weighted sum of correlation functions of band pass 
and high pass filtered signal components. The slow fluctuating signal component analysis yielded 
turbulence values of about 150-280% although with some scatter. The fast fluctuating signal 
component data showed lower turbulence levels around about 50 to 120%. The majority of the 
turbulent kinetic energy was present in the slow fluctuating velocity component, i.e. in the slow 
fluctuating flow motion. 
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Fig. 6-1 - Turbulence intensity distributions for the raw signal and the filtered signal components on 
the stepped spillway with a combination of flat and pooled steps (dc/h = 1.70, Q = 0.039 m3/s, Re = 
3.1×105) 
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An application of the triple decomposition approach might also be possible in further unsteady air-
water flows such as surges caused by dam breaks. Another application could be linked with wave 
breaking, often characterised by some intense unsteady air-entrainment. For some flow conditions, 
some unsteady air-water flow might be observed in dropshafts and at plunging jets. A further use of 
the triple decomposition method could be in the roll waves down spillways, in tidal bores and 
surges in open channels. Some instationary air-water flow in pulsating jets might also constitute a 
suitable application of the triple decomposition approach. A different type of applications for the 
triple decomposition approach could be also the investigation of cavitation processes. 
 
6.3 COMPARISON OF TRIPLE DECOMPOSITION RESULTS IN POOLED STEPPED 
SPILLWAY AND HYDRAULIC JUMP 
6.3.1 Comparison of flow patterns 
Some differences in air-water flow instabilities were observed between pooled stepped spillway and 
hydraulic jump. These might affect the outcomes of the triple decomposition technique. On pooled 
stepped spillway, the instabilities were caused by some self-induced jump waves (THORWARTH 
2008). The jump waves appeared along the stepped spillway and propagated downstream. The 
occurrence of jump waves was associated with a number of unstable mechanisms including a partial 
hydraulic jump in the pooled cavity, the random ejection of air-water flows from the cavity and 
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some strong instability at the free-surface. With increasing discharges, the instabilities appeared to 
decrease in size, but some were still observed for the largest discharges in the present study. 
Visually it was difficult to identify any characteristic frequency of the various instationary 
processes. The flow randomness appeared chaotic, and a range of characteristic fluctuation 
frequencies were observed between 0.5 to 2 Hz. Further the pooled stepped spillway experiments 
were performed for one geometry only. Any change in channel slope, step height or pooled wall 
height would change the cavity dimensions, impacting on the instability mechanisms and their 
characteristic frequencies. 
In a hydraulic jump, the instabilities were observed with some quasi-periodic pattern. They were 
linked with the longitudinal oscillations of the jump toe caused by the growth, advection, and 
pairing of large-scale vortices in the developing shear layer (LONG et al. 1991; HABIB et al. 
1994). The air-water flows in the hydraulic jump tended to have a periodic behaviour and a main 
fluctuation frequency was observed.  
Basically two different instationary air-water flows were observed on pooled stepped spillway and 
hydraulic jump. The flow on the pooled stepped spillway was more chaotic exhibiting a range of 
characteristic frequencies, while the hydraulic jump flow was a more periodic flow with a main 
characteristic frequency. 
 
6.3.2 Comparison of air-water flow properties 
The triple decomposition technique enabled the identification of the contributions of the various 
flow components into the turbulent kinetic energy. For both pooled stepped spillway and hydraulic 
jump, the slow fluctuating velocity component encompassed the largest contribution to the turbulent 
kinetic energy, while the velocity fluctuations in terms of fast fluctuating velocity component 
identified the "true" turbulence properties within the instationary flow. 
For the pooled stepped spillway, the turbulence levels Tu" in terms of fast fluctuating velocity 
component may be compared with the turbulence intensity measurements Tu (10) in flat stepped 
spillways with a same slope and for the same flow conditions (Fig. 6-2). Figure 6-2 shows a 
comparison in terms of turbulence levels on flat stepped spillway (solid symbols) and the fast 
fluctuating component on pooled stepped spillway. All data sets were obtained for the same 
discharge and step height, and with the same instrumentation (section 2.2). The comparison 
suggested some qualitative agreement between the turbulence level distributions, while some 
quantitative differences in terms of vertical elevations were linked with differences in flow depths 
                                                 
10 calculated without a triple decomposition technique. 
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and the different definition of the pseudo bottom: i.e., step edge for flat steps and pool edge for 
pooled steps. 
For the hydraulic jump, the turbulence intensities in terms of fast fluctuating signal component were 
about 80 to 200%, with little differences between both experiments (Table 5-1). This finding 
suggested that a sampling duration of 45 s was sufficient long to capture the pseudo-periodic flow 
features of the hydraulic jump flows. 
 
Fig. 6-2 - Comparison of turbulence intensities of the fast fluctuating component of the pooled 
stepped spillway signal and of the flat stepped spillway (dc/h = 2.66, Q = 0.0759 m3/s, Re = 
6.03×105) 
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7. CONCLUSION 
A number of air-water flows exhibit some instationarity. Two examples of instationary free-surface 
flows are the pooled stepped spillway and the hydraulic jump. A new turbulence decomposition 
technique was introduced herein to quantify the relative contributions of the slow- and fast-
fluctuations to the overall flow turbulence. The method was developed for highly-aerated free-
surface flows, for which the interfacial velocity and turbulence properties are calculated based upon 
some correlation analyses of the raw probe signals. The triple decomposition technique was then 
applied to physical measurements in a pooled stepped spillway and in a hydraulic jump, using a 
dual-tip phase-detection probe. 
In the present study, the raw probe signal of the leading and trailing tips was decomposed linearly 
into three components: a mean signal, a slow-fluctuating contribution and a fast-fluctuating 
component. The decomposition was based upon some signal filtering using characteristic cut-off 
frequencies. For the present physical experiments, the cut-off frequencies of 0.33 Hz and 10 Hz 
were identified using both visual observations and frequency analyses. The signal decomposition 
technique was performed using low pass, band pass and high pass-filtering of raw probe signals, 
corresponding to the mean signal component and the slow- and fast-fluctuating components 
respectively. A theoretical derivation was conducted and the outcomes showed that the low pass 
filtered signal component did not contribute to the air-water flow properties, but the void fraction. 
Using the slow and fast fluctuating signal components, the correlation analyses yielded the 
turbulence intensity, interfacial velocity and correlation time scales. 
This triple decomposition was applied to pooled stepped spillway and hydraulic jumps. Some 
instationary air-water flows were observed in each case although with some differences. The flow 
on the pooled stepped spillway tended to be chaotic and exhibited a range of characteristic 
frequencies between 0.5 to 2 Hz. The hydraulic jump flow was a more periodic flow with a 
characteristic frequency about 1 Hz. The triple decomposition results highlighted that the gross 
turbulent kinetic energy was mostly encompassed in the slow fluctuating signal component. The 
turbulence properties in terms of fast fluctuating signal component were qualitatively and 
quantitatively consistent with earlier findings of steady stationary air-water flows. 
Since the band pass filtering of the probe signal is a linear process, it was shown that no information 
is lost during the decomposition. The auto- and cross-correlation functions of each probe signal 
component are valid representation of the original signal, and the calculation of the time averaged 
interfacial velocities and the turbulence levels of the fast and slow fluctuating signal components 
may be performed.  
Altogether this study demonstrated the successful application of a new decomposition technique 
91 
suitable to instationary air-water flows with high void fractions. To date the method was applied to 
pooled stepped spillway and hydraulic jump, but it is believed that there are further potential 
applications to pseudo-periodic and instationary air-water flows. 
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APPENDIX A - TRIPLE DECOMPOSITION OF THE PROBE OUTPUT 
SIGNAL AND DATA PROCESSING (BY HUBERT CHANSON) 
A.1 PRESENTATION 
In pooled stepped spillways, some visual observations of flow patterns indicated some instabilities 
for a range of flow conditions encompassing transition and skimming flows. In the transition flows, 
the instabilities were clearly seen in the form of self-induced surface waves propagating 
downstream. Further instabilities were observed in transition and skimming flow regimes, i.e. some 
surface waves linked with some instable recirculation and cavity ejection processes. These 
(pseudo)-periodic instationary processes showed characteristic frequencies between 0.5 and 2 Hz. 
In this section, a novel triple decomposition approach of instationary air-water flow data is 
introduced. In the triple decomposition approach, the raw signals are split into different components 
to identify the fast velocity fluctuations accounting for the turbulent energetic dissipation. 
 
A.2 BASIC FLOW PROPERTIES 
The triple decomposition method was applied herein to the raw probe output signals of the double-
tip conductivity probe. The signals of both leading and trailing tips were split into three components 
reflecting the mean, slow fluctuation and fast fluctuation contributions. The approach was identical 
to the triple decomposition technique used in monophase flow, but it was applied to the phase-
detection probe signal rather than to the instantaneous velocity signal. 
The raw signal decomposition was performed using some characteristic cut-off frequencies. The 
characteristic frequencies were identified using visual observations as well as power spectra 
analyses of raw signals. A sensitivity analysis was performed and the results yielded a lower cut-off 
frequency of 0.33 Hz and an upper cut-off frequency of 10 Hz. Based upon these threshold 
frequencies, the low pass, band pass and high pass filtering of the raw probe signals were performed 
yielding: 
 "c'cc~c   (A-1) 
where c is the instantaneous void fraction (1), c~  is a mean or low pass filtered component, c' 
represents the slow fluctuating or band pass filtered contribution and c'' is the fast fluctuating or 
high pass filtered component which would be expected to be associated with the 'true' turbulent 
                                                 
1 Herein the instantaneous void fraction is defined as a linear function of the instantaneous probe voltage 
output between the air and water voltages such as: 0  c  1. A slightly different definition is based upon the 
single-threshold processing technique which yields a non-linear function of the probe signal output with c = 
0 or 1. 
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motion of the flow. 
The time averaged void fraction C is defined as: 
   n
1
)"c'cc~(
n
1C  (A-2) 
where n is the number of data samples. When the lower cut-off frequency (0.33 Hz herein) is 
significantly smaller than the time scales of the air-water flow fluctuations, it yields: 
  n
1
c~
n
1C  (A-3a) 
 0'c
n
1 n
1
  (A-3b) 
 0"c
n
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1
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The bubble count rate F is defined as the number of air-to-water interfaces detected by the probe per 
unit time. The count rate is a non-linear function of the instantaneous void fraction derivative c/t. 
In a bubbly flow with tight bubble concentration (2), it might be expected that: 
 1F~   (A-4a) 
 F'F   (A-4b) 
 F"F   (A-4c) 
 
The calculations of time-averaged velocity, turbulence intensity and auto- and cross-correlation 
time scales are based upon some analyses of the auto- and cross-correlation functions. The 
normalised auto-correlation function is defined as: 
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where c is the instantaneous void fraction of the leading tip and  is a time lag. The normalised 
cross-correlation function is defined as 
 



 

 

 




n
1
2
22
n
1
2
11
n
1
2211
xy
)C)t(c()C)t(c(
)C)t(c()C)t(c(
)(R  (A-6) 
                                                 
2 That is, with F substantially larger than the upper cut-off frequency. 
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where the subscripts 1 and 2 refer to the leading and trailing probe data respectively. Note that 
typically C1  C2, although the probe trailing tip signal might be affected by the leading tip wake 
depending upon the dual-tip probe design (SENE 1984, CHANSON 1988,2002a). 
Let us consider the cross-correlation function. (The reasoning for the auto-correlation is similar.) 
Assuming that 1c~   2c~  C1  C2, the cross-correlation function becomes: 
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It may be transformed as: 
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where: 
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Basically Rx'y', Rx"y", Rx'y" and Rx"y' are respectively the normalised cross-correlation functions 
between the slow fluctuating or band-pass filtered signals, between the fast fluctuating or high-pass 
filtered components, and between band-pass filtered and high-pass filtered signals. 
Denoting: 
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and since A, B, D and E are independent of the time lag  provided that the sampling time is much 
greater than the time lag, the normalised cross-correlation function may be written as: 
 )(RE)(RD)(RB)(RA)(R 'y"x"y'x"y"x'y'xxy   (A-7c) 
Equation (A-7c) illustrates that the cross-correlation function may be expressed as a linear function 
of the cross-correlation functions of the filtered signals Rx'y', Rx"y", Rx'y" and Rx"y'. 
The experimental data showed that Rx'y"  Rx"y'  0. The result was expected since there is no 
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overlap in frequency range between the band pass filtered and high pass filtered signals. In turn the 
physical data implied in first approximation: 
 )(RB)(RA)(R "y"x'y'xxy   (A-8) 
 
A similar reasoning may be used for the auto-correlation function. The results yield: 
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In first approximation, the physical data give: 
 )(R)(R)(R "x"x'x'xxx   (A-10) 
 
In a high-aerated free-surface flow, the time-averaged velocity V is calculated using a cross-
correlation technique: 
 
T
xV   (A-11) 
where x is the longitudinal distance between the sensors of the dual-tip phase detection probe and 
T is the average interfacial travel time between sensors. T corresponds to the time lag for which the 
normalised cross-correlation function Rxy (of the probe raw signal) is maximum (Fig. A-1). Since 
we showed that cross-correlation function can be decomposed linearly (Eq. (A-7)), we can then 
defined the time-averaged interfacial velocity corresponding to the high-pass and band-pass filtered 
signal: 
 
"T
x"V   (A-12a) 
 
'T
x'V   (A-12b) 
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where T" and T' are the time lags for which Rx"y" and Rx'y' are maximum respectively(Fig. A-2). 
The present physical observations showed that: 
 T'T   
 T''T   
The time-averaged interfacial velocity calculated based upon Equation (A-8) was basically equal to 
V (Eq. (A-11)). 
 
 
Fig. A-1 - Definition sketch of the raw signal auto- and cross-correlation functions for a dual-tip 
phase-detection probe 
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Fig. A-2 - Definition sketch of the cross-correlation function of the band-pass and high-pass filtered 
signals 
 
The auto-correlation and cross-correlation time scales are defined respectively as: 
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Since the correlation function is a linear function of the cross-correlation functions of the filtered 
signals, the definition of the cross-correlation integral time scale becomes: 
 'y"x"y'x"y"x'y'xxy TETDTBTAT   (A-15) 
Since the experimental data showed Rx'y"  Rx"y'  0, the following approximation holds: 
 "y"x'y'xxy TBTAT   (A-16) 
where  
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Similarly the auto-correlation function may be rewritten: 
 )TT(TTT 'x"x"x'x"x"x'x'xxx   (A-17) 
In first approximation, the data imply: 
 "x"x'x'xxx TTT   (A-18) 
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Assuming that the successive detections of bubbles by the probe sensors is a true random process, 
the cross-correlation function is a Gaussian distribution (CHANSON and TOOMBES 2002a): 
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where xy is the standard deviation of the cross-correlation function. After simplification the cross-
correlation time scale becomes: 
 xymaxxyxy 2
)R(T   (A-20) 
Similarly, if the auto-correlation function is a Gaussian distribution, the auto-correlation time scale 
becomes: 
 xxxx 2
T   (A-21) 
where xx is the standard deviation of the auto-correlation function.  
 
The turbulence intensity defined as the ratio of the velocity standard deviation to the time-averaged 
velocity: Tu = v'/V. When the velocity is measured with a dual-tip probe, the standard deviation of 
the interfacial velocity equals: 
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where vi is the instantaneous velocity data equal to x/ti, V is the time-averaged velocity (V = 
x/T), n is the number of interfaces, ti is the interface travel time data and T is the travel time for 
which the cross-correlation function is maximum (Fig. A-1). With an infinitely large number N of 
interfaces, an extension of the mean value theorem for definite integrals may be used as 1/ti2 and (ti-
T)2 are positive and continuous functions over the interval i = (1, n) (SPIEGEL 1974). The result 
implies that there exists at least one characteristic travel time t' satisfying t1  t'  tn such that: 
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where t is the standard deviation of the interface travel time. If the intrinsic noise of the probe 
signal is un-correlated to the turbulent velocity fluctuations with which the bubbles are convected, 
the standard deviation of the cross-correlation function xy satisfies: 
 2t2xx2xy   (A-24) 
where xx is the standard deviation of the autocorrelation function (HARVEY 1993). The turbulent 
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intensity becomes: 
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Assuming that t' ~ T, the turbulence intensity v'/V equals: 
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KIPPHAN (1977) developed a similar result for two-phase mixtures such as pneumatic conveying, 
while the above development follows CHANSON and TOOMBES (2002a). 
Replacing Equations (A-20) and (A-21) into Equation (A-26), the turbulent intensity may be 
expressed as: 
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Discussion 
Assuming that the cross-correlation function is a Gaussian distribution and defining  the time 
scale for which: Rxy(T+0.5)=Rxy(T)/2, the standard deviation of the cross-correlation function 
equals: xy = 0.5/1.175, while the standard deviation of the autocorrelation function equals: xx = 
T0.5/1.175 where T0.5 is the characteristic time for which the normalised autocorrelation function 
equals 0.5 (Fig. A-1). Equation (A-26) yields (CHANSON and TOOMBES 2002a): 
 
T
T
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'v 25.0
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5.0   (A-28) 
 
The turbulence intensity calculations (Eq. (A-27)) are based upon the assumption that both auto- 
and cross-correlation functions follow closely a Gaussian distribution such as Equation (A-19). 
Physical observations showed that the approximation is reasonable for small to moderate time lags  
(e.g. CAROSI and CHANSON 2006). For large time lags, the "tail" of the data differs from the 
normal distribution: e.g., the first crossing (Rxy=0) being observed for a finite value. The above 
development may however be amended by assuming: 
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with 0 <  < 1. The results yield: 
 xymaxxyxy )R(T   (A-30) 
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where: 
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Basically =0.5 for =0, and further results are summarised in Table A-1. 
 
Table A-1 - Gaussian function distribution: relationship between  and  
 
 





2
t
exp
2
2
o  



ot
0
2
dt
2
texp
2
1
(1) (2) 
0 0.50 
0.01 0.4988 
0.10 0.484 
0.20 0.4637 
0.30 0.4364 
0.50 0.380 
 
Ref.: SPIEGEL (1974). 
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Fig. A-1 - Effect of the coefficient  on the turbulence intensity data (Eq. (A-31)) in skimming flow 
above a stepped spillway (Data: dc/h = 1.1, CHANSON and TOOMBES 2002a) - Comparison with 
Equation (A-28) shown as horizontal lines 
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APPENDIX B - TRIPLE DECOMPOSITION OF THE PROBE OUTPUT 
SIGNALS: VALIDITY OF ASSUMPTIONS 
B.1 PRESENTATION 
Some basic observations indicated the presence of instabilities on the pooled stepped spillway for a 
range of flow conditions encompassing transition and skimming flows. These (pseudo)-periodic 
instationary processes showed some relatively low characteristic frequencies between 0.5 and 2 Hz. 
A triple decomposition approach was developed in which the raw signals were split into different 
components to identify the fast velocity fluctuations accounting for the turbulent fluctuations. The 
cut-off frequencies for the decomposition of the raw signal were 0.33 Hz and 10 Hz respectively. In 
this section, some experimental results on the pooled stepped spillway are presented to assess the 
validity of the basic assumptions underlying the triple decomposition method. 
 
B.2 VOID FRACTION AND BUBBLE COUNT RATE 
The instantaneous void fraction of the raw signal could be expressed in terms of the decomposed 
filtered components: 
 'c'c' c~c   (B-1) 
where c is the instantaneous void fraction defined as a linear function of the instantaneous probe 
voltage output such as: 0 ≤ c ≤ 1, c~  is a mean or low pass filtered component of c, c' represents the 
slow fluctuating or band pass filtered contribution and c'' is the fast fluctuating or high pass filtered 
component which would be expected to be associated with the 'true' turbulent motion of the flow. 
The time averaged void fraction C is defined as: 
 "C'CC~)"c'cc~(
N
1C
N
1
   (B-2) 
where N is the number of data samples. When the lower cut-off frequency (0.33 Hz herein) is 
significantly smaller than the time scales of the air-water flow fluctuations, it yields: 
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 0'c
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 0"c
N
1"C
N
1
   (B-3c) 
The bubble count rate F is defined as the number of air-to-water interfaces detected by the probe per 
unit time. The count rate is a non-linear function of the instantaneous void fraction derivative c/t. 
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In a bubbly flow with high bubble concentration (1), it might be expected that: 
 1F~   (B-4a) 
 F'F   (B-4b) 
 F"F   (B-4c) 
Please note, that F'' was calculated based using the derivative of the instantaneous void fraction c'' 
of the high pass filtered signal to avoid any impacts of a strong fluctuating signal. 
Table B-1 lists some experimental results in terms of void fraction and bubble count rate for several 
positions in a cross-section and for several flow rates for the pooled stepped spillway. The data in 
Table B-1 confirm the assumptions underlying Equations (B-1) to (B-4). 
 
Table B-1 - Comparison of void fraction and bubble count rates for raw signal and filtered 
components on a pooled stepped spillway 
 
dc/h Step 
edge 
Elevation 
y 
[mm] 
C 
[-] 
C~  
[-] 
C' 
[-] 
C'' 
[-] 
F 
[Hz] 
F~  
[Hz] 
F' 
[Hz] 
F'' 
 [Hz] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
1.7 21 58 0.398 0.399 0 0 47.29 0.23 4.36 46.54 
  64 0.526 0.514 0.001 0 44.18 0.26 4.21 43.33 
  76 0.749 0.744 0.002 0 31.22 0.28 4.33 30.21 
2.66 21 75 0.286 0.298 0.002 0 64.09 0.28 4.10 66.23 
  82 0.450 0.455 0 0 73.24 0.33 4.72 74.64 
  92 0.707 0.693 0 0 57.93 0.28 4.90 58.95 
3.55 21 95 0.228 0.227 0 0 62.62 0.23 4.85 62.82 
  108 0.471 0.476 0.001 0 67.40 0.31 5.44 66.97 
  118 0.722 0.714 0.001 0 53.20 0.36 5.41 53.69 
 
B.3 AUTO- AND CROSS-CORRELATION FUNCTIONS 
The calculations of time-averaged velocity, turbulence intensity and auto- and cross-correlation 
time scales are based upon some analyses of the auto- and cross-correlation functions. The 
normalised auto-correlation function is defined as: 
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where c is the instantaneous void fraction of the leading tip and  is a time lag. The normalised 
                                                 
1 That is, for F substantially larger than the upper cut-off frequency. 
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cross-correlation function is defined as 
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where the subscripts 1 and 2 refer to the leading and trailing probe data respectively. Note that 
typically C1  C2, although the probe trailing tip signal might be affected by the leading tip wake 
depending upon the dual-tip probe design (SENE 1984, CHANSON 1988,2002a). 
Assuming that 1c~   2c~  C1  C2, the low pass filtered or mean velocity component cancels out and 
the cross-correlation function becomes: 
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It may be transformed as: 
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where: 
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Basically Rx'y', Rx"y", Rx'y" and Rx"y' are respectively the normalised cross-correlation functions 
between the slow fluctuating or band pass filtered signals, between the fast fluctuating or high pass 
filtered components, and between band pass filtered and high pass filtered signals. The factors A, B, 
D and E are independent of the time lag  provided that the sampling time is much greater than the 
time lag. 
Equation (B-8) demonstrates that the cross-correlation function may be expressed as a linear 
function of the cross-correlation functions of the filtered signals Rx'y', Rx"y", Rx'y" and Rx"y'. The 
experimental data showed that Rx'y"  Rx"y'  0 as illustrated in Figure B-1. The result was expected 
since there is no overlap in frequency range between the band pass filtered and high pass filtered 
signals. In Figure B-1, some typical cross-correlation functions of D×Rx'y" and E×Rx"y' are illustrated 
for several positions in a skimming flow regime. It is seen that all illustrated cross-correlation 
functions show very small values (|R| < 10-3). Figure B-1 demonstrates that Rx'y" and Rx"y' can be 
neglected and Equation (B-8) may be simplified into: 
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Fig. B-1 – Cross-correlation functions Rx'y" and Rx"y' on the pooled stepped spillway - Flow 
conditions: dc/h = 2.3, Q = 61.0 l/s, Re = 4.85×105, Step edge 21 
(A) y = 62 mm, C = 0.199, F = 54.8 Hz 
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(B) y = 74 mm, C = 0.512, F = 71.5 Hz 
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(C) y = 82 mm, C = 0.723, F = 51.6 Hz 
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Fig. B-2 – Cross-correlation functions for the raw signal and the filtered signal components on the 
pooled stepped spillway for various flow conditions 
(A) dc/h = 2.3, Q = 61.0 l/s, Re = 4.85×105, Step edge 21, y = 74 mm, C = 0.512, F = 71.5 Hz 
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(B) dc/h = 3.55, Q = 117.1 l/s, Re = 9.3×105, Step edge 21, y = 116 mm, C = 0.622, F = 57.7 Hz 
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 )(R)("R)('R)(RB)(RA)(R )1(xyxyxy"y"x'y'xxy   (B-9) 
where Rxy' and Rxy'' are the cross-correlation functions of band pass and high pass filtered signals 
including the factors A and B respectively and Rxy(1) is the sum of the band and high pass filtered 
correlation functions. Some typical cross-correlation functions are illustrated in Figure B-2 
including the function for the raw data Rxy, for the band pass filtered signal Rxy', for the high pass 
filtered signal Rxy'' and for the sum of the cross-correlations of band pass and high pass filtered 
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components. Figure B-2 shows the validity of the decomposition of the cross-correlation functions 
Rxy(1). There are some small differences between the cross-correlation functions Rxy and Rxy(1) for 
all data sets in the present study which might be linked with the assumption within the theoretical 
validation process (App. A). Overall, the agreement between Equation (9) and physical data 
highlights the validity of Equation (B-9). 
A similar reasoning may be used for the auto-correlation function. The result yields: 
 ))(R)(R()(R)(R)(R 'x"x"x'x"x"x'x'xxx   (B-10) 
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Some typical data are presented in Figure B-3, illustrating that the terms Rx'x'' and Rx''x' are basically 
negligible. Equation (B-10) may be approximated as: 
 )(R)("R)('R)(R)(R)(R )1(xxxxxx"x"x'x'xxx   (B-11) 
where Rxx' and Rxx'' are the auto-correlation functions of band pass and high pass filtered signals 
including the factors α and β respectively and Rxx(1) is the sum. More details about the derivation of 
the auto- and cross-correlation functions can be found in Appendix A. Figure B-4 presents some 
typical auto-correlation functions of the raw signal Rxx, of the band pass filtered signal Rxx', of the 
high pass filtered signal Rxx'' and of the sum of the correlation functions of band pass and high pass 
filtered signal components Rxx(1). Figure B-4 illustrates the decomposition of the auto-correlation 
functions and the validity of Equation (B-11). 
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Fig. B-3 – Auto-correlation functions Rx'x'' and Rx''x' on the pooled stepped spillway - Flow 
conditions: dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105, Step edge 21 
(A) y = 72 mm, C = 0.187, F = 56.3 Hz 
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(B) y = 84 mm, C = 0.522, F = 61.8 Hz 
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(A) y = 94 mm, C = 0.722, F = 58.0 Hz 
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Fig. B-4 – Auto-correlation functions for the raw signal and the filtered signal components on the 
pooled stepped spillway for various flow conditions 
(A) dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105, Step edge 21, y = 84 mm, C = 0.522, F = 61.8 Hz 
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(B) dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105, Step edge 21, y = 70 mm, C = 0.659, F = 38.5 Hz 
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B.4 AUTO- AND CROSS-CORRELATION TIME SCALES 
Since the correlation function is a linear function of the cross-correlation functions of the filtered 
signals, the cross-correlation integral time scale may be expressed as: 
 )1(xyxyxy"y"x'y'xxy T''T'TTBTAT   (B-12) 
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Equations (B-13) to (B-15) describe the cross-correlation integral time scales for the band pass 
filtered signal, for the high pass filtered signal and for the sum of the cross-correlation functions of 
band and high pass filtered signals. 
Similarly the auto-correlation function may be rewritten: 
 )1(xxxxxx"x"x'x'xxx T''T'TTTT   (B-16) 
The validity of Equations (B-12) and (B-16) was tested against experimental data and typical results 
are shown in Figures B-5 and B-6 for the cross-correlation and auto-correlation time scales 
respectively. In Figures B-5 and B-6, the cross- and auto-correlation time scales respectively are 
illustrated for the raw data, for the band pass filtered and the low pass filtered components as well 
as for the sum of the cross-correlation functions of the band pass and high pass filtered signals. The 
sum of the band pass and high pass filtered correlation scales are also added. It is seen that the 
correlation time scales of the raw function is almost identical to the time scales Txy(1) (and Txx(1)) 
and Txy' + Txy'' (and Txx' + Txx''). Figures B-5 and B-6 illustrates the validity of Equations (B-12) 
and (B-16). 
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Fig. B-5 – Cross-correlation time scales for the raw signal and the filtered signal components on the 
pooled stepped spillway for various flow conditions 
(A) dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105, Step edge 20 
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(B) dc/h = 3.55, Q = 117.1 l/s, Re = 9.3×105, Step edge 19 
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Fig. B-6 – Auto-correlation time scales for the raw signal and the filtered signal components on the 
pooled stepped spillway for various flow conditions 
(A) dc/h = 2.3, Q = 61.0 l/s, Re = 4.85×105, Step edge 17 
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(B) dc/h = 3.3, Q = 104.9 l/s, Re = 8.34×105, Step edge 18 
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B.5 TURBULENCE INTENSITY 
The turbulence intensity Tu can be expressed in terms of the auto- and cross-correlation time scales: 
 2xx
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  (B-17) 
where T is the time for which (Rxy)max (App. A). Within some approximations, a simplified result is 
(CHANSON and TOOMBES 2002a): 
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where  the time scale for which: Rxy(T+0.5)=Rxy(T)/2 and T0.5 is the characteristic time for 
which the normalised autocorrelation function equals 0.5. More details about the derivation of 
Equations (B-17) and (B-18) can be found in Appendix A. 
The turbulence intensity expressions (Eq. (B-17) & (B-18) are non-linear, and a decomposition of 
Tu into the mean component, the slow and the fast fluctuating components was not achievable. 
Even though, the following Equation (B-19) was used to estimate the turbulence intensities for the 
band pass filtered signal, the high pass filtered signal and for the sum of the cross-correlation 
functions of band and high pass filtered signals: 
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The experimental results for all data sets in the present study showed that a decomposition of the 
turbulence levels of the raw data was possible and the results yielded: 
 )1(TuTu   (B-20) 
Some typical turbulence intensity data are presented in Figure (B-7) for some pooled stepped 
spillway data. The results (Fig. B-7) illustrates that the turbulence intensity of the band pass filtered 
component Tu' are larger than the turbulence levels of the high pass filtered signal Tu'': Tu' > Tu". 
Basically, larger turbulence levels were contained in the slow fluctuating velocity components of 
the instationary air-water flows. Further the physical data showed the validity of Equation (B-20). 
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Fig. B-7 – Turbulence intensity of the raw signal and the filtered signal components on the pooled 
stepped spillway for various flow conditions 
(A) dc/h = 2.3, Q = 61.0 l/s, Re = 4.85×105, Step edge 21 
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(B) dc/h = 3.0, Q = 90.9 l/s, Re = 7.23×105, Step edge 20 
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Discussion 
A typical triple decomposition approach of continuous velocity signals may be used to identify 
velocity fluctuations (v' = Tu×V) of fast and slow fluctuating velocity components in steady and 
unsteady flows. The calculation of the velocity fluctuations in the present study differed for a 
number of reasons. For example, theband pass filtered interfacial velocity component V' differed 
from the interfacial velocity V and it is believed that this was caused by the cut-off frequencies 
being larger than the average travel time of the interfaces between the probe sensors (Fig. B-8). 
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Figures B-8 presents a typical interfacial velocity distribution highlighting some difference between 
the interfacial velocity data V' of the slow fluctuating velocity component, the raw data and the 
other decomposed signal components. Some typical velocity fluctuations v'=Tu×V for the raw 
signal and the decomposed signal components are illustrated in Figure B-9. Figure B-9 shows 
differences between the various decomposed components. 
Altogether it is believed that the decomposition of the turbulence intensities is a more accurate way 
to identify the true turbulence contribution of the slow and fast fluctuating signal components. 
 
Fig. B-8 – Turbulence intensity of the raw signal and the filtered signal components on the pooled 
stepped spillway - Flow conditions: dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105, Step edge 20 
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Fig. B-9 – Velocity fluctuations of the raw signal and the filtered signal components on the pooled 
stepped spillway for various flow conditions 
(A) dc/h = 2.0, Q = 49.5 l/s, Re = 3.93×105, Step edge 20 
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(B) dc/h = 3.3, Q = 104.9 l/s, Re = 8.34×105, Step edge 21 
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APPENDIX C - SENSITIVITY ANALYSIS ON THE EFFECTS OF UPPER 
AND LOWER CUT-OFF FREQUENCIES ONTO THE AIR-WATER FLOW 
PROPERTIES 
Notation 
C' band pass filtered component of the void fraction; 
C'' high pass filtered component of the void fraction; 
C~  low pass filtered component of the void fraction; 
c instantaneous void fraction; c = 0 or 1; 
DH hydraulic diameter (m); 
dc critical flow depth (m); 
d1 flow depth (m) measured immediately upstream of the hydraulic jump; 
F' bubble count rate (Hz) of the band pass filtered signal component; 
F'' bubble count rate (Hz) of the high pass filtered signal component; 
F~  bubble count rate (Hz) of the low pass filtered signal component; 
F* Froude number defined in terms of the step roughness; 
g gravity constant: g = 9.80 m/s2 in Brisbane, Australia; 
h vertical step height (m); 
l horizontal step length (m); 
Q water discharge (m3/s); 
qw water discharge per unit width (m2/s); 
Re Reynolds number defined in terms of the hydraulic diameter: Re = w×Uw×DH/w; 
Re1 Reynolds number upstream of the hydraulic jump: Re1 = w×V1×d1/w; 
(Rxy)max maximum cross-correlation between two probe output signals; 
(Rxy)'max maximum cross-correlation between two probe output signals of the band pass filtered 
signal component; 
(Rxy)''max maximum cross-correlation between two probe output signals of the high pass filtered 
signal component; 
(Rxy)(1)max maximum cross-correlation between two probe output signals for the weighted sum of 
the cross-correlation functions of band pass and high pass filtered signals; 
Tu turbulence intensity defined as: Tu = v'/V; 
Tu' turbulence intensity of the band pass filtered signal component; 
Tu'' turbulence intensity of the high pass filtered signal component; 
Tu(1) turbulence intensity of the weighted sum of the cross-correlation functions of band pass 
and high pass filtered signals; 
Txx auto-correlation time scale (s); 
Txx' auto -correlation time scales for the band pass filtered signals: Txx' = α × Tx'x'; 
Txx'' auto -correlation time scales for the high pass filtered signals: Txx'' = β × Tx"x"; 
Txx(1) sum of auto -correlation time scales for the band pass and high pass filtered signals: 
Txx(1) = α × Tx'x' + β × Tx"x"; 
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Txy cross-correlation time scale (s); 
Txy' cross -correlation time scales for the band pass filtered signals: Txy' = A × Tx'y'; 
Txy'' cross -correlation time scales for the high pass filtered signals: Txy'' = B × Tx"y"; 
Txy(1) sum of cross -correlation time scales for the band pass and high pass filtered signals: 
Txy(1) = A × Tx'y' + B × Tx"y"; 
V interfacial velocity (m/s); 
Vc critical flow velocity (m/s); 
V90 characteristic interfacial velocity (m/s) where the void fraction is 90%; 
V' interfacial velocity (m/s) of the band pass filtered signal component; 
V'' interfacial velocity (m/s) of the high pass filtered signal component; 
V(1) interfacial velocity (m/s) for the sum of the correlation functions of the band and high 
pass filtered signal components; 
W channel width (m); 
w weir height in pooled stepped spillway configuration (m), also called pool height; 
x distance along the channel bottom (m); 
x1 distance (m) between channel intake and upstream flow conditions: distance between 
channel intake and hydraulic jump toe; 
 
C.1 PRESENTATION 
Some instationary air-water flow processes were observed on a pooled stepped spillway in both 
transition and skimming flows and in a hydraulic jump. On the pooled stepped spillway, some 
(pseudo)-periodic surface waves linked with some instable recirculation and cavity ejection 
processes were seen with characteristic frequencies between 0.5 and 2 Hz. Some FFT analyses of 
the raw signal and interfacial velocity intervals of 10 Hz showed characteristic frequency peaks of 
about 0.3 to 2 Hz. The quasi-periodic instabilities on the hydraulic jump showed characteristic 
frequencies of about 1 Hz in terms of the jump toe and the free surface. The FFT analysis of the raw 
signal yielded some peaks of about 0.7 to 1.2 Hz and the FFT of the split interfacial velocity signal 
(10 Hz) showed a range of troughs and peaks of about 0.1 to 1 Hz.  
The visual observations and the FFT analyses were used to identify some characteristic upper and 
lower cut-off frequencies of 0.33 and 10 Hz respectively. A detailed sensitivity analysis was 
conducted to assess the effects of the cut-off frequencies onto the air-water flow properties 
confirmed the choice of the upper and lower cut-off frequencies for both pooled stepped spillway 
and hydraulic jump. In this appendix, the results are presented for the instationary air-water flows 
on the pooled stepped spillway and in the hydraulic jump. Table C-1 summarises the flow 
conditions. Table C-2 lists the upper and lower cut-off frequencies and the air-water flow properties 
investigated in the sensitivity study. 
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Table C-1 – Flow conditions and positions of detailed sensitivity analysis for the pooled stepped 
spillway and the hydraulic jump  
Configuration Flow rate Reynolds 
number [-] 
Measurement 
location 
Detailed analysis 
locations [mm] 
Comment 
(1) (2) (3) (4) (5) (6) 
Pooled stepped 
spillway 
Q = 0.076 m3/s 
(dc/h = 2.66) 
Re = 6.03E+05
 
Step edge 21 y = 67, 75, 82, 
92, 102 
Skimming 
flows 
Hydraulic jump Q = 0.033 m3/s 
 
Re1 = 6.6E+04
 
x1 = 0.83 m 
x – x1 = 0.245 m
y = 32, 56, 68 d1 = 0.02 m,  
 
Table C-2 – Cut-off frequencies and investigated air-water flow properties in the sensitivity 
analyses on pooled stepped spillway and hydraulic jump (Note: Notation at beginning of Appendix) 
Constant cut-off 
frequency 
Investigated cut-off 
frequency [Hz] 
Air-water flow properties 
(1) (2) (3) 
Lower cut-off: 0.33 Hz Upper cut-off frequency:  
1 
2 
4 
8 
10 
12.5 
25 
50 
100 
C', C'' 
F', F'' 
(Rxy)'max, (Rxy)''max, (Rxy)(1)max 
Txy', Txy'', Txy(1) 
Txx', Txx'', Txx(1) 
V', V'', V(1) 
Tu', Tu'', Tu(1) 
 
Upper cut-off 10 Hz Lower cut-off frequency: 
0.03 
0.07 
0.13 
0.26 
0.33 
0.41 
0.83 
1.65 
3.3 
C~ , C' 
F~ , F' 
(Rxy)'max, (Rxy)(1)max 
Txy', Txy(1) 
Txx', Txx(1) 
V', V(1) 
Tu', Tu(1) 
 
 
C.2 SENSITIVITY ANALYSIS ON THE EFFECTS OF UPPER AND LOWER CUT-OFF 
FREQUENCIES ONTO THE AIR-WATER FLOW PROPERTIES  
Effect on void fraction and bubble count rate 
The void fraction and bubble count rate analyses were conducted manually for some characteristic 
locations on the pooled stepped spillway and in the hydraulic jump. Please note that the fast 
fluctuating component of the bubble count rate F'' was calculated based using the derivative of the 
instantaneous void fraction c'' of the high pass filtered signal to avoid any impacts of a strong 
fluctuating signal. The sensitivity analysis was conducted for both constant upper and constant 
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lower cut-off frequencies as listed in Table C-2. The results for the sensitivity analysis with constant 
upper cut-off frequency of 10 Hz are illustrated in Table C-3. Table C-3 shows that there was 
almost no effect of lower cut-off frequency upon the void fraction components and the choice of a 
lower cut-off frequency larger 0.26 Hz seemed meaningful. Small effects of the lower cut-off 
frequency were observed on the bubble count rate with some differences for the larger cut-off 
frequencies. A lower cut-off frequency smaller 0.41 Hz yielded almost constant bubble count rates 
for the filtered components. 
A sensitivity analysis of the upper cut-off frequency is illustrated in Table C-4 with constant lower 
cut-off frequency of 0.33 Hz. The results show that there was no effect of the upper cut-off 
frequency on the void fraction and upon the bubble count rate of the high pass filtered signal 
component F''. However some larger effects were seen upon the bubble count rate of the band pass 
filtered signal F' and the sensitivity analyses did not provide a clear guide for the selection of the 
upper cut-off frequency.  
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Table C-3 – Sensitivity analyses on the effect of lower cut-off frequency on the void fraction and 
bubble count rate properties on pooled stepped spillway and hydraulic jump; Constant upper cut-off 
frequency of 10 Hz 
 
Configuration Elevation   
y [mm] 
Lower cut-off 
frequency [Hz]
C 
[-] 
C~      
[-] 
C' 
[-] 
F 
[Hz] 
F~  
[Hz] 
F' 
[Hz] 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
0.03 0.464 0.414 0.023 48.44 0.03 4.18 
0.07 0.464 0.458 0.006 48.44 0.10 4.15 
0.13 0.464 0.468 0.002 48.44 0.21 4.33 
0.26 0.464 0.471 0.001 48.44 0.31 4.46 
0.33 0.464 0.471 0 48.44 0.36 4.72 
0.41 0.464 0.471 0 48.44 0.36 4.74 
0.83 0.464 0.471 0 48.44 0.69 5.18 
1.65 0.464 0.471 0 48.44 1.28 6.21 
67 
 
3.3 0.464 0.471 0 48.44 2.08 7.05 
0.03 0.286 0.257 0.022 64.09 0.03 3.9 
0.07 0.286 0.286 0.011 64.09 0.03 4.03 
0.13 0.286 0.294 0.006 64.09 0.10 4.03 
0.26 0.286 0.297 0.003 64.09 0.23 4.08 
0.33 0.286 0.298 0.002 64.09 0.28 4.1 
0.41 0.286 0.298 0.002 64.09 0.33 4.31 
0.83 0.286 0.299 0.001 64.09 0.69 4.69 
1.65 0.286 0.3 0 64.09 1.13 5.69 
75 
3.3 0.286 0.3 0 64.09 1.85 7.1 
0.03 0.45 0.401 0.021 73.24 0.03 4.44 
0.07 0.45 0.443 0.006 73.24 0.08 4.46 
0.13 0.45 0.452 0.002 73.24 0.10 4.51 
0.26 0.45 0.455 0 73.24 0.31 4.62 
0.33 0.45 0.455 0 73.24 0.33 4.72 
0.41 0.45 0.455 0 73.24 0.39 4.9 
0.83 0.45 0.455 0 73.24 0.62 5.72 
1.65 0.45 0.455 0 73.24 1.10 6.59 
82 
3.3 0.45 0.455 0 73.24 1.72 8.1 
0.03 0.707 0.623 0.03 57.93 0.03 4.36 
0.07 0.707 0.689 0.007 57.93 0.05 4.36 
0.13 0.707 0.704 0.002 57.93 0.15 4.46 
0.26 0.707 0.707 0.001 57.93 0.21 4.59 
0.33 0.707 0.708 0 57.93 0.28 4.79 
0.41 0.707 0.708 0 57.93 0.33 4.9 
0.83 0.707 0.708 0 57.93 0.64 5.41 
1.65 0.707 0.708 0 57.93 1.03 6.28 
Pooled stepped 
spillway 
92 
3.3 0.707 0.708 0 57.93 1.79 7.41 
0.03 0.11 0.099 0.004 98.84 0.03 6.97 
0.07 0.11 0.109 0 98.84 0.03 7 
0.13 0.11 0.111 0 98.84 0.05 7.18 
0.26 0.11 0.111 0 98.84 0.26 7.44 
0.33 0.11 0.111 0 98.84 0.28 7.46 
0.41 0.11 0.111 0 98.84 0.36 7.54 
0.83 0.11 0.111 0 98.84 0.89 7.97 
1.65 0.11 0.111 0 98.84 1.41 8.69 
32 
3.3 0.11 0.111 0 98.84 2.72 9.74 
0.03 0.159 0.142 0.009 64.22 0.03 5.64 
0.07 0.159 0.159 0.003 64.22 0.05 5.54 
0.13 0.159 0.162 0.001 64.22 0.10 5.64 
0.26 0.159 0.163 0.001 64.22 0.15 5.79 
Hydraulic 
jump 
56 
0.33 0.159 0.163 0.001 64.22 0.26 5.97 
125 
0.41 0.159 0.163 0.001 64.22 0.33 6.13 
0.83 0.159 0.164 0 64.22 0.69 6.72 
1.65 0.159 0.164 0 64.22 1.23 7.38 
3.3 0.159 0.164 0 64.22 2.18 8.72 
0.03 0.142 0.128 0.008 40.11 0.03 4.69 
0.07 0.142 0.141 0.002 40.11 0.08 4.92 
0.13 0.142 0.144 0.001 40.11 0.15 4.77 
0.26 0.142 0.145 0 40.11 0.18 4.92 
0.33 0.142 0.145 0 40.11 0.26 5 
0.41 0.142 0.145 0 40.11 0.36 5.23 
0.83 0.142 0.145 0 40.11 0.72 5.85 
1.65 0.142 0.145 0 40.11 1.15 6.46 
68 
3.3 0.142 0.145 0 40.11 1.97 7.77 
 
Table C-4 – Sensitivity analyses on the effect of upper cut-off frequency on the void fraction and 
bubble count rate properties on pooled stepped spillway and hydraulic jump; Constant lower cut-off 
frequency of 0.33 Hz 
 
Configuration Elevation   
y [mm] 
Upper cut-off 
frequency [Hz]
C 
[-] 
C' 
[-] 
C'' 
[-] 
F 
[Hz] 
F' 
[Hz] 
F'' 
[Hz] 
(1) (3) (2) (4)   (9) (10) (11) 
1 0.464 0 0 48.44 1.31 47.69 
2 0.464 0 0 48.44 1.77 47.69 
4 0.464 0 0 48.44 2.85 47.69 
8 0.464 0 0 48.44 4.13 47.69 
10 0.464 0 0 48.44 4.72 47.69 
12.5 0.464 0 0 48.44 5.49 47.69 
25 0.464 0 0 48.44 8.18 47.69 
50 0.464 0 0 48.44 12.44 47.69 
67 
 
100 0.464 0 0 48.44 19.41 47.69 
1 0.286 0.002 0 64.09 1.15 66.23 
2 0.286 0.003 0 64.09 1.59 66.23 
4 0.286 0.003 0 64.09 2.31 66.23 
8 0.286 0.002 0 64.09 3.64 66.23 
10 0.286 0.002 0 64.09 4.1 66.23 
12.5 0.286 0.002 0 64.09 4.72 66.23 
25 0.286 0.002 0 64.09 7.77 66.23 
50 0.286 0.002 0 64.09 12.59 66.23 
75 
100 0.286 0.002 0 64.09 20.46 66.23 
1 0.45 0 0 73.24 0.95 74.64 
2 0.45 0 0 73.24 1.41 74.64 
4 0.45 0 0 73.24 2.67 74.64 
8 0.45 0 0 73.24 4.05 74.64 
10 0.45 0 0 73.24 4.72 74.64 
12.5 0.45 0 0 73.24 5.62 74.64 
25 0.45 0 0 73.24 8.44 74.64 
50 0.45 0 0 73.24 13.62 74.64 
82 
100 0.45 0 0 73.24 21.69 74.64 
1 0.707 0 0 57.93 1.08 58.95 
2 0.707 0 0 57.93 1.46 58.95 
4 0.707 0 0 57.93 2.38 58.95 
8 0.707 0 0 57.93 4.18 58.95 
10 0.707 0 0 57.93 4.79 58.95 
12.5 0.707 0 0 57.93 5.38 58.95 
25 0.707 0 0 57.93 8.1 58.95 
Pooled stepped 
spillway 
92 
50 0.707 0 0 57.93 12.64 58.95 
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100 0.707 0 0 57.93 18.49 58.95 
1 0.11 0 0 98.84 1.28 98.9 
2 0.11 0 0 98.84 2.15 98.9 
4 0.11 0 0 98.84 3.62 98.9 
8 0.11 0 0 98.84 6.33 98.9 
10 0.11 0 0 98.84 7.46 98.9 
12.5 0.11 0 0 98.84 8.54 98.9 
25 0.11 0 0 98.84 13.82 98.9 
50 0.11 0 0 98.84 22.74 98.9 
32 
100 0.11 0 0 98.84 34.23 98.9 
1 0.159 0 0 64.22 1.21 64.74 
2 0.159 0.001 0 64.22 1.9 64.74 
4 0.159 0.001 0 64.22 3.13 64.74 
8 0.159 0.001 0 64.22 4.95 64.74 
10 0.159 0.001 0 64.22 5.97 64.74 
12.5 0.159 0.001 0 64.22 7 64.74 
25 0.159 0.001 0 64.22 11.28 64.74 
50 0.159 0.001 0 64.22 17.67 64.74 
56 
100 0.159 0.001 0 64.22 27.18 64.74 
1 0.142 0 0 40.11 1.13 40.97 
2 0.142 0 0 40.11 1.82 40.97 
4 0.142 0 0 40.11 2.82 40.97 
8 0.142 0 0 40.11 4.44 40.97 
10 0.142 0 0 40.11 5 40.97 
12.5 0.142 0 0 40.11 5.92 40.97 
25 0.142 0 0 40.11 9.77 40.97 
50 0.142 0 0 40.11 14.49 40.97 
Hydraulic 
jump 
68 
100 0.142 0 0 40.11 20.21 40.97 
 
Effect on maximum cross-correlation coefficient and interfacial velocity 
The effect of the upper and lower cut-off frequencies upon the maximum cross-correlation values 
(Rxy)max is illustrated in Figure C-1 and C-2. In Figure C-2, the effect of the lower cut-off frequency 
on the maximum cross-correlation distribution is shown as a function of y for the hydraulic jump 
data. The results show, that there the distribution of the maximum cross-correlation values for the 
band pass filtered component (Rxy)'max are almost constant for a lower cut-off frequency smaller 0.41 
Hz. Similar results were observed for the weighted sum of correlation functions of band and high 
pass filtered signal components (Rxy)(1)max. The investigation of the effect of the upper cut-off 
frequency upon the maximum cross-correlation values showed that no clear cut-off frequency was 
identified for the band pass and high pass filtered signals (Fig. C-2). Figure C-2 shows further, that 
the value of (Rxy)(1)max remained constant for all upper cut-off frequencies. 
The effects of the upper and lower cut-off frequencies upon the interfacial velocity were also 
investigated and some typical results are illustrated in Figures C-3 and C-4. For the lower cut-off 
frequency, the observations showed about constant interfacial velocities of the band pass filtered 
signal component V' for frequencies smaller 0.83 Hz (Fig. C-3). The values for the interfacial 
velocity of the weighted sum of correlation functions of band and high pass filtered signal 
components showed no effect of lower cut-off frequency for the investigated frequencies V(1). For 
the upper cut-off frequencies, the values of V(1) and of the high pass filtered component V'' 
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remained constant for all frequencies (Fig. C-4). However, some clear effects upon the band pass 
filtered component V' were seen and no clear cut-off frequency was found for this signal component 
(Fig. C-4). 
 
Fig. C-1 – Sensitivity analyses on the effect of lower cut-off frequency on the maximum cross-
correlation distributions for the raw signal and the filtered signal components on the hydraulic jump 
- Constant upper cut-off frequency of 10 Hz  
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Fig. C-2 – Sensitivity analyses on the effect of upper cut-off frequency on the maximum cross-
correlation coefficient for the raw signal and the filtered signal components on the pooled stepped 
spillway and the hydraulic jump - Constant lower cut-off frequency of 0.33 Hz  
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Fig. C-3 – Sensitivity analyses on the effect of lower cut-off frequency on the interfacial velocity 
distributions for the raw signal and the filtered signal components on the pooled stepped spillway - 
Constant upper cut-off frequency of 10 Hz  
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Fig. C-4 – Sensitivity analyses on the effect of upper cut-off frequency on the interfacial velocity 
for the raw signal and the filtered signal components on the pooled stepped spillway and the 
hydraulic jump - Constant lower cut-off frequency of 0.33 Hz  
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(B) Hydraulic jump 
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Effect on auto- and cross-correlation integral time scales 
The effect upon the auto- and cross-correlation time scales were investigated and some typical 
results are illustrated in Figures C-5 to C-10. The results for the auto-correlation time scales showed 
that the lower cut-off frequencies for the band pass filtered component Txx' and for the weighted 
sum of correlation functions of band and high pass filtered signal components Txx(1) were almost 
constant for lower cut-off frequencies smaller 0.33 Hz (Fig. C-5 and C-6). For the upper cut-off frequency, 
the values of Txx(1) did not change for the investigated frequencies (Fig. C-7). The band pass filtered auto-
correlation time scales did not change for frequencies larger 8 Hz (Fig. C-7). For the high pass filtered auto-
correlation component, a decrease of the values was observed with increasing upper cut-off frequency (Fig. 
C-7) and no clear cut-off frequency was identified. 
Similar results were found for the cross-correlation integral time scale sensitivity of lower and upper cut-off 
frequencies. For the lower cut-off frequency, some meaningful values were seen for Txy(1) and Txy' for lower 
cut-off frequencies smaller 0.33 Hz (Fig. C-8). In Figures C-9 and C-10, the effects of the upper cut-ofdf 
frequency upon the cross-correlation time scales are illustrated. It is visible, that the values of Txy' did not 
change for investigated frequencies larger 10 Hz. The cross-correlation time scales for the weighted sum of 
correlation functions of band and high pass filtered signal components Txy(1) showed no effects with 
variation of upper cut-off frequencies. For the high pass filtered signal component, no clear cut-off frequency 
could be identified for the high pass filtered signal component (Fig. C-9 & C-10). 
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Fig. C-5 – Sensitivity analyses on the effect of lower cut-off frequency on the auto-correlation 
integral time scales distributions for the raw signal and the filtered signal components on the pooled 
stepped spillway - Constant upper cut-off frequency of 10 Hz  
Txx [s]
y 
[m
m
]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
0
20
40
60
80
100
120
140
160
Constant upper frequency = 10 Hz
Txx (raw signal)
Txx' (0.03 + 10Hz)
Txx' (0.07 + 10Hz)
Txx' (0.13 + 10Hz)
Txx' (0.26 + 10Hz)
Txx' (0.33 + 10Hz)
Txx' (0.41 + 10Hz)
Txx' (0.83 + 10Hz)
Txx' (1.65 + 10Hz)
Txx' (3.3 + 10Hz)
Txx(1) (0.03 + 10Hz)
Txx(1) (0.07 + 10Hz)
Txx(1) (0.13 + 10Hz)
Txx(1) (0.26 + 10Hz)
Txx(1) (0.33 + 10Hz)
Txx(1) (0.41 + 10Hz)
Txx(1) (0.83 + 10Hz)
Txx(1) (1.65 + 10Hz)
Txx(1) (3.3 + 10Hz)
 
 
Fig. C-6 – Sensitivity analyses on the effect of lower cut-off frequency on the auto-correlation 
integral time scales for the raw signal and the filtered signal components on the pooled stepped 
spillway and the hydraulic jump - Constant upper cut-off frequency of 10 Hz 
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Fig. C-7 – Sensitivity analyses on the effect of upper cut-off frequency on the auto-correlation 
integral time scales for the raw signal and the filtered signal components on the pooled stepped 
spillway and the hydraulic jump - Constant lower cut-off frequency of 0.33 Hz 
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Fig. C-8 – Sensitivity analyses on the effect of lower cut-off frequency on the cross-correlation 
integral time scales for the raw signal and the filtered signal components on the pooled stepped 
spillway and the hydraulic jump - Constant upper cut-off frequency of 10 Hz 
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Fig. C-9 – Sensitivity analyses on the effect of upper cut-off frequency on the cross-correlation 
integral time scales distributions for the raw signal and the filtered signal components on the pooled 
stepped spillway - Constant lower cut-off frequency of 0.33 Hz  
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Fig. C-10 – Sensitivity analyses on the effect of upper cut-off frequency on the cross-correlation 
integral time scales for the raw signal and the filtered signal components on the pooled stepped 
spillway and the hydraulic jump - Constant lower cut-off frequency of 0.33 Hz 
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Effect on turbulence intensity  
The results of the sensitivity analyses on the effects of upper and lower cut-off frequencies onto the 
turbulence intensities are illustrated in Figures C-11 to C-13. For the lower cut-off frequencies, 
some characteristic lower cut-off frequencies are seen in Figures C-11 and C-12. For the turbulence 
intensities of the weighted sum of correlation functions of band and high pass filtered signal 
components Tu(1), constant values were observed for lower cut-off frequencies smaller 0.33 Hz. Similar 
results were seen for the band pass filtered component Tu' (Fig. C-11 and C-12). The effects of the upper cut-
off frequency upon the turbulence intensity were also investigated and some typical results are illustrated in 
Fig. C-13. For the high pass filtered signal component no clear upper cut-off frequencies were found; Tu'' 
decreased with increasing upper cut-off frequency. For the band pass filtered signal component, Tu' 
remained about constant for upper cut-off frequencies larger 10 Hz. The values of Tu(1) remained constant for 
all investigated upper cut-off frequencies (Fig. C-13).  
 
Fig. C-11 – Sensitivity analyses on the effect of lower cut-off frequency on the turbulence intensity 
distributions for the raw signal and the filtered signal components on the pooled stepped spillway - 
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Fig. C-12 – Sensitivity analyses on the effect of lower cut-off frequency on the turbulence intensity 
for the raw signal and the filtered signal components on the pooled stepped spillway and the 
hydraulic jump - Constant upper cut-off frequency of 10 Hz 
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Fig. C-13 – Sensitivity analyses on the effect of upper cut-off frequency on the turbulence intensity 
for the raw signal and the filtered signal components on the pooled stepped spillway and the 
hydraulic jump - Constant lower cut-off frequency of 0.33 Hz 
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(B) Hydraulic jump 
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C3 DISCUSSION 
The sensitivity analysis highlighted the difficult identification of clear cut-off frequencies within the 
investigated frequency ranges. Table C-5 summarises the basic findings, listing the characteristic 
frequency ranges with physically meaningful upper and lower cut-off frequencies for each air-water 
flow property. In Table C-5, the shaded outcomes corresponded to inapplicable or meaningless 
results.  
In summary, the meaningful range of upper cut-off frequency was for frequencies larger 10 Hz. For 
the lower cut-off frequency, some consistent results were found with lower cut-off frequencies 
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meaningful for about 0.33 Hz. However a large number of air-water flow properties were found 
with no clear cut-off frequency in particular for the high pass filtered signal component and to a 
smaller extent for the band pass filtered component. 
Overall the results of the present sensitivity analyses supported the selection of the upper and lower 
cut-off frequencies used in the present study for both pooled stepped spillway and hydraulic jump. 
Namely a lower cut-off frequency of 0.33 Hz and an upper cut-off frequency of 10 Hz. 
 
Table C-5 – Summary of identified meaningful upper and lower cut-off frequencies for all air-water 
flow properties for the pooled stepped spillway and the hydraulic jump (Note: Notation at beginning 
of Appendix) 
Air-water flow property Meaningful upper cut-off frequency 
(Constant lower cut-off: 0.33 Hz)  
Meaningful lower cut-off frequency 
(Constant upper cut-off: 10 Hz)  
(1) (2) (3) 
C~  N/A 0.26 – 3.3 Hz 
C' 1 – 100 Hz 0.26 – 3.3 Hz 
Void fraction 
C'' 1 – 100 Hz N/A 
F~  N/A 0.03 – 0.41 Hz 
F' No clear cut-off frequency found 0.03 – 0.41 Hz 
Bubble count 
rate 
F'' 1 – 100 Hz N/A 
(Rxy)'max No clear cut-off frequency found 0.03 – 0.41 Hz 
(Rxy)''max No clear cut-off frequency found N/A 
Maximum 
cross-
correlation (Rxy)(1)max 1 – 100 Hz 0.03 – 0.41 Hz 
V' No clear cut-off frequency found 0.03 – 0.83 Hz 
V'' 1 – 100 Hz N/A 
Interfacial 
velocity 
V(1) 1 – 100 Hz 0.03 – 3.3 Hz 
Txx' 8 – 100 Hz 0.03 – 0.33 Hz 
Txx'' No clear cut-off frequency found N/A 
Auto-
correlation 
time scale Txx(1) 1 – 100 Hz 0.03 – 0.33 Hz 
Txy' 10 – 100 Hz 0.03 – 0.33 Hz 
Txy'' No clear cut-off frequency found N/A 
Cross-
correlation 
time scale Txy(1) 1 – 100 Hz 0.03 – 0.33 Hz 
Tu' 10 – 100 Hz 0.03 – 0.33 Hz 
Tu'' No clear cut-off frequency found N/A 
Turbulence 
intensity 
Tu(1) 1 – 100 Hz 0.03 – 0.33 Hz 
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